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FOREWORD 


This report documents the results of the On«Board Attitude 
Determination System (OADS) study for advanced spacecraft missions. 
It is submitted in accordance with contract number NAS5-23428, 
modification 27, and covers the work performed from II October 1977 
through 11 April 1978. 




1.0 INTRODUCTION 


The purpose of the six-month study was to determine the requirements, 
capabilities and system design for an on-board attitude determination 
system (CADS) to be flown on advanced spacecraft missions. The specific 
objectives were directed In two areas; first, an GADS design that was 
spacecraft Independent and second, an OADS design to be incorporated on 
the multi-mission spacecraft. Each design was required to provide the 
required attitude and pointing information for three badie missions — Earth, 
stellar and solar-oriented missions. The related mission parameters were 
'selected by GSFC on those missions that were considered typical for 
advanced spacecraft missions. 

The basic 3tudy approach taken to determine the OADS system capability 
aru preliminary design was as follows: 

• The first step was to establish a specific set of mission require- 
ments and study ground rules that would permit achieving meaningful 
results within the time and budget constraints of the contract. 

• The second step was to develop the attitude determination algorithms 

• v * . 

to process the sensor data considering, initially, the NASA Standard 
star tracker and gyro and the GPS receiver. 

• The third step was to evaluate other candidate sensors and compare 
their characteristics tu the NASA Standard components. 

• The fourth step was to use a computer simulation to evaluate the OADS 
performance characteristics and to establish the OADS software and 
hardware design parameters. 

• The fifth step was to design a microprocessor system that would 
meet the derived requirements established in Step A. 
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Following this basic approach, ve were able to establish an QADS 
design for the spacecraft independent concept. The QADS design for the 
multi -mission spacecraft was established by first, investigating the 
implementation of the QADS derived software requirements in the NSSC-1 
and second,, investigating the implementation of the same requirements using 
the NSSC-1 supplemented by a microcomputer system. The latter is by far the 
most promising. 

A summary of the proposed QADS concept and basic study results is 
presented in Section 2.0. The content of Section 3 through 8 generally 
follows our study approach. Section 3 discusses the selected orbit features 
and the coordinate system definition used in the study. Section 4 discusses 
the QADS sensor evaluation showing the candidate sensor characteristics and 
the trade studies that were run to select the QADS attitude sensors. As 
part of the sensor evaluation, the GPS Magnavox receiver/processor assembly 
is discussed showing how it will be controlled and used to provide the 
necessary position and velocity information for the QADS design. Section 5 
discusses the mission performance studies . showing the sensitivity analysis 
results and the nominal performance results from the computer simulation. 
Section 6 through 8 discusses the microprocessor software, hardware and 
system analysis for the spacecraft independent concept. Section 9 discusses 
the implementation of the attitude determination algorithms in the NSSC-1 
showing the resulting time analysis. Section 10 discusses the investigation 
of supplementing the NSSC-1 with a multiple microcomputer system and what 
the Impact might be for such a system. Section 11 discusses the OADS 
v.almg possibilities. A l-o, a general description of an OADS hardware 
test bed presently being pursued at Martin Marietta Aerospace for another 
prograr is discussed, finally, SectioS 12 presents some recommendations 


for further studies. 
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2.0 PADS SYSTEM DESIGN CONCEPT SUMMARY 

Based upon Che PADS requirements and syscem performance evaluation, 
a preliminary on-board attitude determination system is proposed. The 
proposed GADS system consists of one NASA Standard ZRU (DHJRU-II) as the 
primary attitude determination sensor, two improved NASA Standard star tracker 
(SST) for periodic update of attitude information, a CPS receiver to 
provide on-board apace vehicle position and velocity vector information, 
and a multiple microcomputer system for data processing and attitude 
determination functions. The functional block diagram of the proposed OADS 
, system is shown in Figure 2-1. The computational requirements are evaluated 
based upon this proposed OADS system. The major conclusions from the OADS 
study are summarised in the following subsections. 

2.1 OADS System Sensor and Performance 

Baaed upon the trade study of current existing sensors, the NASA 
Standard IRU system— DRZRU- II is far superior to any of the current 
existing gyro system operating in the etrapdawn environment. In order to 
Increase the life-time reliability, a backup DRIRU-II unit may be considered 
in conjunction with the primary unit proposed. The Improved NASA standard star 
tracker is the best candidate for the MMS mission at the present time. The 
SST should be used only when the spacecraft slew rate is less than O.S°/sec. 

The CPS receiver, with the assistance of an on-board position and velocity 
propagator, when operating under the spacecraft user environment, is able 
to provide orbit information for which the impact to OADS system accuracy is 
Insignificant. 

The proposed on-board attitude determination system, with the described 
attitude determination procedure and algorithm, is capable of providing precision 
on-board attitude information for all three MMS missions. 
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FIGURE 2-1 . PROPOSES CADS SYSTEM 
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As expected, the Barth olssion posses the most demanding CADS system 
processing among the three MMS missions. For the same maneuvering sequence, 
the 400 tea altitude Earth mission requires moBt frequent update by the star 
trackers. The CADS Star update frequency decreases as the spacecraft 
altitude increases and is relatively Independent to the orbit plane 
inclinations. * 1 

The most significant IRU errors experienced in the slewing mode 
environment are scale factor ano misalignment and bias drift in the non* 
slewing environment. Therefore, as the maneuver rate increases, the 
required time Interval between star update becomes shorter. The most 
significant star tracker error is the tracker boreslght axis misalignment. 
Improvement of overall OADS performance is anticipated if better knowledge 
of this error is available. 

2.2 On-Board Computation Requirements 

Our investigations show tnat use of a multiple microcomputer system 
for onboard attitude determination is quite feasible from a software 
performance view. The timing estimates for the baseline microcomputer we 
examined are summarized in Table 2.1. A system level block diagram of the 
baseline multiple microcomputer system is shown in Figure 2-2. It should 
be emphasized that the baseline configuration, which we examined, utilized 
commercial LSI devices. The performance of these devices have been derated 
to accommodate operation in an expended temperature range; however, radiation 
threshold levels for the devices are far below the levels needed for 
flight quality microcomputer hardware. While performing this OADS 
analysis, we could not find microcomputer devices which were ideally suited 
to the spaceborne environment and had the necessary performance to support the. 
onboard attitude determination system. Rsdiat'ion hardened devices are a 


2-3 


major problem although power consumption considerations come into play, 
but to a lesser extent. We have, therefore. Included In this report 
recosasendatlons briefly outlining the type of LSI devices which we feel 
would be appropriate in future spaceborne applications such as GADS. 

We also performed a timing analysis to determine what performance 

t 

could be expected if the attitude determination algorithms were executed 
on the NSSC-I computer. It quickly became obvious that the NSSC-I could 
not support these operations. This results from the fact that the OADS 
algorithms are very computation oriented and not like the data management 
tasks which the NSSC-I is tailored to performing. Table 2.2 s unana rizes 
the NSSC-I timing analysis. Because of these results, a top-level 
investigation was performed to determine the feasibility of supplementing 
the HSSC-I with an OADS microcomputer system. The results of this 
investigation tend to indicate that this approach could be very attractive 
if a flight quality microcomputer system were available. 
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TABLE 2. 1 SUMMARY OF ESTIMATED PADS PROCESSING TIME 
FOR. BASELINE MICROCOMPUTER SYSTEM- - 


Processing Tima fas) 


I&O Processing 29.42 

* • • * • * 

Star Tracker Processing 

Phase X (star Identification) 134.3 

Phase II (1 tracker - quaternion 152.2 

correction) 

Phase II (2 Crackers - quaternion 235.8 

correction) 

Orbit Generator Processing ~ 3.421 

Resolver Processing 38.518 


TABLE 2.2 SUMMARY OF ESTIMATED PADS PROCESSING TIMES 
FOR NSSC-I COMPUTER 


Processing Time (ms) 


IRU Processing 44.575 

Star Tracker - Star Identification 183.98 

Star Tracker - Quaternion Correction 

(1 tracker in use) 314.983 

Star Tracker - Quaternion Correction 

(2 trackers in use) 609.468 


Orbit Generator/Resolver 


187.527 


ivjirj 
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3.0 PADS ORBIT DESCRIPTION AND ATTITUDE DEP1MITI0H 

3.1 KMS Mission Selected Orbits and Related Features 

k set of Solar, Earth, and Stellar missions for the MMS satellite was 
selected at the first CSFC interchange meeting. The selected orbits for the 
evaluation and its related features are described in the following sub* 
sections. 

3.1.1 Barth Mission 

Orbit : Circular orbit evaluated at altitudes of 400 km, 705.3 ka 

and 2000 km. The orbital inclination angles under consideration 
* 0 • 

are 56 for the 400 km and 2000 km altitudes and approximately 97° 
(sun synchronous) for the 705.3 km altitude. 

Mission Features : For the Earth mission, the spacecraft's nadir 

axis is tracking along the Earth local vertical direction. That 
is, the spacecraft nadir axis is rotated at the orbital rate 
doaely aligned with the local position vector direction. Pitch 
maneuvers of +20 degrees at 400 km and 705.3 km altitude and +5 
degrees at 2000 km altitude should also be considered as the nominal 
mode for the Earth mission. The spacecraft nominal rate is orbital 
rate with maneuver slew rates of 5°/min and 2°/sec. 

3.1.2 Stellar Mission 

P-«3>U : Circular orbit evaluated at altitudes of 400 km and 2000 km. 

The orbital inclination angle under consideration is 28.5°. 

Mission Features : For the stellar mission, the spacecraft body 

axis is locked to the scars with only the dwelling motion being 
considered. Spacecraft maneuvers from one star to a new star with 
slew rate range from 5 /min to 2 /sec should also be considered in 
the OADS system accuracy evaluation. 


3.1*3 Solar Mission 

Orbit : Circular orbit evaluated at altitudes of 400 tan and 

2000 lea. The orbital inclination angle for the aolar mission 
orbit is 28.5°. 

Mission Feature : For the solar mission, the spacecraft body axis 

is mainly locked to the sun line vector with possible small angle 
scan in the plane perpendicular to the sun line vector. The 
possible scan rate is S°/min for CADS evaluation. 

3.2 Coordinate System Definition 

In order to define the spacecraft attitude angles for a MMS mission, the 
reference coordinate systems must be defined. The basic reference coordinate 
systems defined in this report are selected for the convenience of the 'MO 
mission. It is subject to change when other requirements are Inserted, 
a. Inertial Reference Coordinate - I frame 

A 1950 epoch inertial reference la selected os the inertial coordinate. 

r - 

The reason for selecting this coordinate is that most of the existing 
star catalogs exist using this coordinate, therefore, no extra trans- 
formation is required; it also gives a fixed reference in the sun- 
centered heliocentric frame. 

The coordinate frame is defined as follows: 

Xj axis along 1950 Epoch vernal equinox direction 
Zg axis along symmetrical earth rotation axis (North pole) 

Yg axis completes a right-hand triplet 

Another commonly used inertial frame is the true-of-date Epoch 
referer.ee in which the true of date (current) vernal equinox direction 
is used. There is a slight rotation angle between the fixed Epoch 
and true of date inertial systems. These must be corrected if any — ^ 
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*• In«gtlal Reference - I fr^ (Co ntlnued ) 

quantity Is defined using the true of date Epoch reference 
(l.e., Keplerlan orbital parameters), 
b. Barth Reference Framo - g frame 

The Earth reference frame le chosen with Xg aria along the aero 
longitude (Greenwich) with a rotation angle from the Xj axle. Zg Is 
coincident with Zj (North Pole). and are contained In the plane 
of Xj and T x . If we assume a constant earth rotation rate of W g - 
0.41667 x 10 “ 2 ddg/sec, then Xg has a rotation angle of W £ t from the 
*1 axis (where t is measured from Greenwich noon-time), in general, 
the Earth longitude and latitude Is defined in the Earth reference 




The I and E frames are shown in Figure 3-1. 

If Point P Is defined aa the target to be tracked on Earth surface 
with longitude and latitude * p , then the tracking station P unit 
vector expressed in the I frame will be: 

W • [a] {»*} • • . , 

(From here oa.f } denotes vector quantity, [ ] the matrix quantity, 
and the symbol "A" indicates unit vector.) 

Where: 


f°El 



I cosXp cos « pt 

r 

cos Wgt 

sin W t 

E 

o 


coB* p sin 0 p , sin ^ } 

-sin Wgt 0 

cos Wgt 0 

0 1 


(3.Xa> 


3-3 







c. Orbit Reference Frame - 0 Frame 

The orbit reference frame defines the orientation of the S/C 
orbit in the Z frame. Zt la generally defined by (3-1-3) Euler • 
transformation angles between the 1 and 0 frames. The relationship 
between the orbital frame and Inertial frame Is Illustrated in 
Figure 3-2. The transformation of a vector from 6 frame to Z frame 


Is given by letting 

(M • WW 



C^=^cos S^s^aln 

t 

CfiCcj - SfiSwCl - CfiSw - SfiCuCi SSZSi 

ss2Cu> + cnsoci - snscj + cnoxi - cnsi 

Sofil CuSl Cl 


(3.2a) 


d. The Local Vertical Frame - L Frame 

The local vertical frame Is defined by the S/C position along the 
orbit plane, which Is simply a rotation angle of the true anomaly, 
parameter f, (generally referred to as fast moving Keplerlan parameter) 
from X o about the orbit normal axis Z e . The L frame Is defined as: 

X^ - from center of Earth to S/C 

- normal to orbit in the direction of the orbit angular m o mentum 
vector direction. 

Y l - complete a right-hand triplet of and Z L# For circular orbit, 

is in the direction of the velocity vector. 
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Orbit Normal 


S/C Position 



Naste a.O.A.) 


Orbital Plano 


FIGURE 3-2 ROTATION BETWEEN I FRAME, 0 FRAME AND L FRAME 

Inhere: Cl - longitude of ascending node 

| - inclination snqle 
W* argvarn” of pe’-i^ee 
' - ♦■rue -r*. .!•. 
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d. the Local Vertical Frame - L Frame - (Continued) 

Because the L frame is a simple rotation angle of f about Z g axle 
from the 0 f rents, the angles V and f are in the earns plane and 
additive, the transformation from the L frame to the I frame replaces 
W in (3.2a) by the quantity 0? + f); i.e., 

I“il • [ft] 1*1.1 <*•» 



- 




Where: 

cnca - snsflci 

- cnss - sncdci 

snsi 


[*•]- 

snce + cnseci 

- sns* + cnceci 

-CSJSi 

(3.3a) 

S0S1 

C0S1 

Cl 
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e. Body Reference Frame - B Frame 

the body reference frame Is fixed on the S/C fccdy and is rotated 
with the body. The orientation of the body oxee in the 1 frame or 
1, frame is generally used to define the S/C attitude motion. The 
B frame is selected usually due to the convenience of mission require- 
mant, S/C geometrical symmetry, and major instrument location. For 
convenience, we assume the MMS spacecraft Is a cylindrical shape with 
Xg Yg fixed in the S/C equatorial plane. The Z g axis is along the 
cylindrical longitudinal axis as shown in Figure 3-3. 



\ 



FIGURE 3-3 BODY FIXED AXES 


e. Body Reference Frame - B Frame - (Continued) ' 

From the definition described above, the exie ie generally 
referred to as the nadir pointing axis (especially for Earth 
Mission). The five reference frames described above are the 
basic coordinate ays terns recommended for the MMS mission. To 
summarize they are: 

Inertial Reference Frame - i Frame 

Earth Reference Frame - E Frame 

Orbit Reference Frame - o Frame 

Local Vertical Reference Frame - L Frame 

Body Reference Frame - b Frame 
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3,3 Attitude Angle Definition and_ PADS jnutput definition 
3,3.1 Attitude Angle Definitions 

As mentioned in 3.1, the S/C attitude is defined as the orientation 
of the body axes in the inertial frame or in the local vertical inference 
frame. There are four ways to repreaont the epacecraft attitude: 
Direction eooinea 
Quaternion 
Euler attitude angle 
Gibbs vector presentation 

The direction cosines is the nose straight- forward way to describe 
the S/C attitude. The other methods can be derived from the direction 
cosine representation end are directly related to each other. The 
Euler attitude angle representation gives a much better physical 
visualisation of the attitude and is generally the quantity delivered 
to the user although the system may not use it as the internal state 
variables. For MMS missions, there are three sets of attitude angles 
to be. defined and are described in the following paragraphs, 
a. Attitude angles in Inertial referanpa framo 

A 3-1-3 Euler rotation le used to define the body axes orientation 
in the inertia frame. The rotation is illustrated in Figure 3-4. 
Then, attitude angle set is the right ascension, declination, 
and phase angle, respectively. This set is convenient for the 

1 

inertial attitude angle expression for the Stellar and Solar Mission. 

The Inertial position of a star or sun is defined in the frame by 

right ascension and declination angles. The body Z_ axis orientation 

o 

Is also represented by the same attitude set; therefore, it Is very 
convenient for Inertial pointing missions. 
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Attitude Angles In local vertical Referen ce - pitch, toll and 

yew angles 

This set of attitude angles Is very convenient for the Earth mission 
of the MM3 satellite. In order to follow a conventional tanner of 
pitch, roll and yav angle deflntlon, an Intermediate reference 
frame called local flight frame, F frame, la Introduced and the * 
pitch, roll and yav angles are actually defined in the F frame. 

The F frame is obtained by two 90° rotation from the L frame defined 
in Section 3.1. The relation between F frame and L frame Is shown In 
Figure 3.6. 

The F-frama axes are defined as: 

-• in the + flight path direction 
£ / 

Yp - opposite to the orbit normal 

Zp - along the local vertical, positive pointing toward 
the earth center 

k 1-2-3 Euler rotation Is used to rotate the pitch, roll, and yav 
angles from F-fraca to B-frama. The rotation is shown In Figure 3*7. 
This set of attitude angles defines the body axes in the flight path 
frame. It is used for an Earth pointing spacecraft and Is very useful 
to control system work. For a single rotation sense, the « sngle la the 
roll angle along the flight path. The e angle la the pitch angle 
along the negative oroltal normal. The * angle is the yav angle defined 
along the nadir vector. 
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3.3.2 QADS Output Definition 


The required attitude information is different for different HMS 
mission modes. The Intent of this subsection Is to define the pre- 
liminary QADS attitude output format. The output set is subject to 
change' upon user request or future mission requirements. 


Earth Mission 


Record Description 

Unit 

Remarks 

Time (t) 

Seconds 

Seconds from S/C clock epoch 

Pitch Angle (0) 

Degrees 

As described 

Roll Angle (4>) 

Degrees 

II 

Yav Angle (*) 

Degrees 

11 

Target Longitude <j> 

Degrees 

Nadir axis pointing target 

Target Latitude y 

D 

Degrees 


■ 

Target Altitude (hp) 

Km 

n 

Solar Mission 



Record Description 

Pnlt 

Remarks 

Time (t) 

Seconds 

From S/C clock epoch 

Right Ascension Angle (a) 

Degrees 

As described 

Declination Angle (3) 

Degrees 

M 

Phase Angle (4) 

Degrees 

II 

Sun Aspect R.A. Angle 

Degrees 

ft 

Sun Aspect Dec Angle (8gg) 

Degrees 

fl 


h 


Stellar Mission 


« ^ 

Record Description 

Unit 

Remarks 

Time (t) 

Seconds 

From S/C clock Epoch 

Right Ascension Angle (a) 

Degrees 

As Described 

Declination Angle (8) 

Degrees 

It 

b \ -v 

Phase Angle (4) 

Degrees 

It 


Uncertainty (or confidence level) of each output record may be 
attached with the preliminary output records described above. The 
orbital information received from the GPS sensor may also be attached 
However, it is not directly required for the QADS function. 


i 
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4.0 QADS SENSOR EVALUATION 

i 

4.1 Inertial Reference Unit 

4.1.1 Description of NASA Standard Unit - DRIRU-II 

The NASA Standard IRU unit la the DRIRU-II (Digital Redundant. 

Inertial Reference Unit - II) manufactured by Teledyne. It consists 
of 3 SDG-5 two-degree-of-freedom (TDF) dry-tuned gyros mounted ortho- 
gonally in a single unit. The schematic diagram la shown in Figure 4-1. 

Each TDG gyro has its own power supply with independent electronics for 
its two output channels. Temperature computation of scale factor and bias 

t 

are Included in the electronics. The DRIRU-II unit is to be nounted directly 
upon the spacecraft body (in strapdown environment); therefore, the IRU 
gyros sense the body rates in inertial space directly. The body rates 
are output in the fonn of digital pulse counts via a Voltage to Frequency 
(V/F) Converter. The three TDF gyros provide full redundancy of vehicle's 
body 3-axis rate measurement. In the case of one gyro failure, the 
remaining two TDF gyros still provide the full 3-axls measurement, 
therefore, no rate data measurement is lost. In order to reduce the rate 
errors of the TDF gyro related errors, an on-board software compensator 
(rate filter) is required other than the temperature compensation 
provided by the output channel electronics. Periodic update of gyro 
error parameters are necessary to maintain the rate output accuracy. 

In-flight recalibration may also be necessary to snaintain the knowledge 
of major-error source uncertainty due to environmental and space 
vehicle control impact. Because of the on-board compensator and 
temperature compensation"by“the output channel electronics, thermal 
control of the IRU system is not required under nominal temperature 
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FIGURE 4-1 SCHEMATIC DIAGRAM OF D&IRU-II SYSTEM 


A system evaluation of the D&IRU-II system was conducted and the 
results are presented In the following Table 4.1. 

TABLE 4.1 DRIRU-II SYSTEM EVALUATION 



CONSIDERATION FACTO R DESCRIPTION 

2G0K for a system , 

Breadboard was built to verify design 
requirements. 

Modular assembly and simplified gyro 
design for production build. 

Test plans and specifications written 
in accordance with NASA requirements. 
Gyro is two degree of freedom dry 
tuned gyro. 

Build Most components manufactured at 

contractor's facility 

Electronic components compliance with 

M TL-STD-975 . 

DM509306 Rev. A 
MSFC Std 136 
NASA Steward parts 


Life Cycle Costs 
Design and Development 
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TABLE 4.1 DRIRU-II SYSTEM EVALUATION - (Continued) 

A 

CONSIDERATION FACTOR DESCRIPTION 


Test 


Weight 

Volume 

Complexity - Passive 
Electrical 

Mechanical 

Growth 

Accessibility /Maintainability 
Potential for lg demonstration 
Modularity 

Technical Uncertainty 
Performance-Functional Attributes 

EMI Susceptibility 

Kaintalr.abllity/Accessibility 

Power Consumption (users) 

Standby power required 
Average power required 
Contamination to spacecraft 
Mission Effectiveness 


Complete step-by-step qualification 
and acceptance test procedures w^ll 
be available Jor system teat. 

Test points will be available for 
verification of system level Interface 
testing. 

System weight 25 lb. each. 

3 

Volume/system 1183 In 
3 gyros /system Motors Hy stress Synch. 


Mechanically and thermally mounted 
to vehicle. 

Electrical Boards only 707. full. 

Modular design built for maintainability 
Verification in lg field very acceptable 
Yes 
Hone 

Random Drift .0005°/Hr. Attitude noise 
.33 arc sec. Continuous rate 100°/sec. 
First difference for 1 sec sample 
interval .0Q425°/Hr. 

Meet MIL* STDs 461, 462, 463 for 
susceptibility and generation. 

Modular design for maintainability and 
accessibility. 

20 watts/system 

None 

20 watts 

Materials selected to prevent outgassing 
Meet overall system requirements. 
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TABLE 4.1 DR IRQ- II SYSTEM EVALUATION - (Continued) 

CONSIDERATION FACTOR DESCRIPTION 



Lifetime 5 years 

Reliability System reliability .853 at end of 

three years. No single point failures. 

Survivability . Designed to meet transportation. 

Natural Environment storage and handling requirements. 

Manmade - Internal to S/C TBD 

Manmade - External to S/C Designed to meet vehicle launch 

vibration, shock and temperature 

Technical Uncertainty , Contractor has good track record 

in the technical field. 

Growth Growth potential is available within 

present envelope. 


/ 

/ 

/• 



Software Complexity 
Airborne 


Ground Support - Update 


Require on-board data reduction of 
gyro data, error compensation and 
numerical Integrator 



Simple failure detection and parity 
check 


Downlink processing Required for calibration (bias update) 

In-Flight Calibration Required periodically to update scale 

factor, misalignment and bias 


Ground C-eckout 


Complexity 

Testability 


In-Field Calibration 

F r v ?<h. c 


m ft 


Verification of system operation not compler 

Verification of system is relatively 
easy. Adequate test outputs. 

Not Required. 


Design engineering based on DRIRU-II, 

No facility mod requir’d. Completion 
oy December, 1977. v 
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TABLE 4.1 DRIRP-II SYSTEM VALUATION - (Continued) 


CONSIDERATION FACTOR 
Build 


Teste 

Ground Checkout 
Interface Testing 
Subsystem 
System Level 

Quel Article, Structures Test 
Articles, Launch Activity 
Timeline 


DESCRIPTION 


Subcontract procurement total DRIRU 
System. Approximately 12 months 
from go-ahead to delivery. 


Yea - Procedures exist 
Yea - Procedures exist 
Yes - Procedures exist 
Yes - Procedures exist 
Based bn NASA qualification 1977-78 
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4.1.2 Trade Study 

A trade study was conducted between the DRXRU*XI system and other 
dandldates. The significant factors considered In the trade study 
are: 

1. The system, must be capable of operating under all three MMS 
mission environments and be able to provide rate information aa 
accurate as possible. 

2. The system must be capable of maintaining accuracy and stability 
under a wide dynamic range of zero rate to 2° /sec with possible 
acceleration and jerk motion due to the control system. Moreover, 
a fast settling time is required. 

3. The system must be operating continuously during the missions and 
must have long life time and high reliability. 

Based upon the above criteria, a trade study between the DRIRU-IX 

system and a single degree of freedom (SDF) gyro system (Bendix 64 PM) 
was conducted. A comparison of error budget between the DRIRU-IX 
system gyro (SDG-5) and two other TDF dry tuned gyros, 06 and G-12C0 
manufactured by Litton, was also conducted. Results are presented in 
the following paragraphs. 

4. 1.2.1 Trade study between DRIRU-II and Bendix Redundant- Straodown IRU 
The Bendix Redundant Strapdown IRU System consists of 6 SDF 64 BM 
RIG (Rate Integration Floated Gyro). Each gyro channel is capable of 
being operating independently and can be "powered down" in case of 
failure. The Bendix system has been used in HEAO-A and XUE missions. 

MMA has conducted the first difference drift rate and PSD (Power Spectrum 
Density) of the SDC-5 gyro and 64 Vti gyro using the facility in our /’*'N 

t i 

Inertial Guidance Laboratory. These trade study results follow. 
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(1) Transient Settling Tine 

The 65 FM-RIG gyro has a drift characteristic associated with 
output axis slew rates that is undesirable. This drift could induce 
pointing errors as high as 35 arc seconds after sieving about the 
output axis at 6 deg/sec. The settling tine after slewing about the 
output axis is about 250 seconds which is excessive. The SDG-5 gyro 
does not exhibit this slew rate drift or long settling time. This is 
due to the tight capture loop about each axis of the two degree of 
freedom gyro. 

(2) First Difference Drift Rata Compensation 

First difference tests Indicated that the SDG-5 gyro has lesB 
output noise when the sample interval is short as Bhovn in Table 4.2 

TABLE 4.2 FIRST DIFFERENCE DRIFT RATES 


Sample 

Interval 

Second 

Teledvne SDG-5 Gyro 

Bendix 64 

.1 

0.0432 

High 

1.0 

0.0046 

0.038 

10. 

0.00077 

0.0046 

100. 

0.00035 

0.00028 

1000. 

0.00011 

0.0002 


(3) Power Spectral Density Comparison „ . 

Power spectral density (PSD) was also taken on the candidate gyros 
and are illustrated in 1 Lgure 4-2. The Teledyne PSD is an order of 

<90 

magnitude less than the Bendix unit, also indicating less output noise. 
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(4) Error Character Comparison 

The error character reflects the accuracy and stability of the 
XRU system. The comparison is summarized in Table 4.3 From the 
table, one can see that the DRIRU-II system is superior to the 
Bend lx system in almost every category. 


TABLE 4.3 GYRO ERROR CHARACTERISTICS COMPARISON 


DRIRU-II 

Random Drift (deg/hour) - (1») .0005 

- Long-Term Bias Stability (deg/hr/yr) - (1«0 , .01 

Torquer Scale Factor (deg/hr/ma) - (1 ) .6 

Torquer Linearity (PRO - (1») 25 

Torquer Asymmetry (PR1) - (1*) 3 

Angular Rate Capability (deg/sec) 10Q 

2 -6 
Angular Momentum (gm-cm /sec) 1 x 10 

Anlaoelastic Drift (deg/hr/g) - (1») .01 


Bend lx 64 PM 


.0005 

.09 

230.0 

37 

27 


20 

.43 x 10 6 


.04 


(5) Physical Characteristics and Reliability Comparison 

The comparison between DRIRU-II and Bendlx Redundant Unit Is 
shown In Table 4.4. Again, the DRIRU-II system is superior In 
almost all respects. 
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TABT.E 4.4 COMPARISON OF PHYSICAL CHARACTERISTICS \ND RELIABILITY 

DRIRU-II BENDDC SYSTEM 


Weight (lba) 

25 

65 

Power (watts) 

21 

115 

Cost 

200K 

800X 

♦Reliability (2 years) 

0.958 

0.914 


♦Based upon 6-gyro configuration for both systems 

4. 1.2.2 Trade Study between SPG -5 and Other TDF Dry Tuned Gyros 

A comparison of performance between the SDG-5 (DRIRU-II gyro) and 
other TDF dry tuned gyros was 'made. The reason of this gyro level 
comparison rather than the system level comparison is because the other 
TDF gyros do not exist in a system configuration. The comparison is 
made between SDG-5 and Litton's G-1200 and G-6 series TDF gyros. Both 
Litton gyros are dry-tuned gyros; however, the G-1200 was manufactured 
for the purpose of a 3-axis platform and not for a strapdovn usage. 
Therefore, although G-1200 possess better stability performance than G-6 
(a strapdown unit), extensive effort is required in order to convert 
Into a strapdown gyro. The comparison of performance is shown in 
Table 4.5. It is observed that the SDG-5 gyro is superior to the 
C-6 gyro in almost all respects (both are strapdown gyros). Although 
the stability performance of G-1200 gyro is slightly better than SDG-5 
gyro, its dynamic range is far too narrow (l°/sec steady state and 
2°/sec transient), therefore, it is not applicable in the strapdown 
environment . 
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TABLE 4.5 COMPARISON OF PERFORMANCE 


Parameter 

Units 

SDG-5 

C-6 

G-1200 

G-lnaensltlve Drift 


. 

m 

** 

Absolute value 

deg /hr * 

<.S . 

4.0 

.23 

Stability 





Random drift 

deg/hr 1 ° 

.0005 

.003 

.0009 

Shutdown 

deg/hr 1* 

.0016 

.01 

.0023 

Long term 

deg/hr /yr 

.01 

.03 

.015 

Temp Sensitivity 





Uncompensated 

4 

deg/hr /°F 

• 

.00059 

.002 

.0014 - 

Compensated 

PM/°F 

1.0 

—Not Compensated-- 

C-Sensitlve Drift 





Absolute value 

deg/hr /G 

4 1.0 

3.0 

.23 

Stability 


- 



Continuous operation 

deg/hr /G l* 

.0007 

.0003 

.0005 

Shutdown 

deg/hr/G 1» 

.008 

.008 

.0035 

Long term 

deg/hr/G/yr 

.02 

.04 

.015 

Temp. Sensitivity 

- 

• 



Uncompensated 

deg/hr/G/°F 

.0032 

.02 

.0017 

Compensated 

PPM/°F 

4i.O 

- — Not Compensated-- 

Torquer Scale Factor 





Absolute Value 

°/hr/MA 

160 

1250 

33 

Stability 

PPM l«r 

27 

50 

50 

Linearity 

PPM peak 

25 

30 

No data 

Asymmetry 

PPM peak 

3 

30 

No data 


i 


4-11 


I » 



TABUS 4.5 COMPARISON OP PERFORMANCE 


Parameter 

Units 

SPG -5 

C-6 

C-1200 

• 

Temp. Sensitivity 

Uncompensated 

PPM/°F 

229 

250 

37 

Compensated 

' ' PPM/°F 

^1.0 

- — Not Compensated- 

Axis Alignment 

Absolute 

arc sec 

30 

2000 

26 

Stability 

arc sec 1® 

10 

10 

10 

Angular Bate Cap 

Steady state 

deg/sec 

100 

120 

1 

Transient 

deg/see 

500 

60 

2 

Anlsoelasticltv 

Uncompensated 

deg/hr/G 2 

.01 

<• .02 

.008 
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4.1.3 Conclusion of Trade Study 

Based upon the trade study presented above, it is obvious that 
the NASA Standard ZRU system — DRIRU-II--is far superior to the current 

% 

existing gyro system operating in the strapdown environment. Better 
performance could be achieved using gyro platforms; however, the gyro 
platform suffers the long-term reliability problem. Therefore, the 
performance could be degenerated quite rapidly. Therefore, the NASA - 
Standard Unit of DRIRU-II IRU system is recommended for the proposed 
MMS mission. It is also recommended that two DRIRU-II systems be used 
for the mission with one as primary unit and the other one as a backup 
unit. Under this consideration, the system redundancy is extremely 
high and the GADS mission successfulness is highly warranted. 

4.2 Star Tracker System 

4.2.1 Description of NASA Standard Star Tracker (SST) 

The selected NASA Standard Star Tracker (SST) is an electro-optical 
system manufactured by Ball Brothers Research Corporation. The SST is 
an -all electronic strapdown device which automatically searches within 
its field of view (FOV) for a target star. Once a target is acquired, 
it provides the target position and star intensity data for spacecraft 
attitude determination and navigation. The major components consist of 
a one-inch magnetically focused, magnetically deflected ITT ETD F4012RP 
image dissector tube, # 70 on f/1.2 lens and associated signal 
processing electronics. 

The SST operation function consists of two modes, the search mode 
and track mode. When SST is activated, it immediately gets into a 
raster scan search mode to locate the candidate star target. When a 
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target Is brighter than the commanded threshold setting, the SST will 
go into track mode and the two axis, 12 bit digital and/or analog output » 

signal represents target position within its 8° x 8° FOV. The SST 
resumes the search mode function if either the target leaves the 
field of view, the amplitude falls below the couatanded threshold or 

j 

it receives a "brepk command" from an external source. Regardless of ; 

the reason for returning to the search mode, it will search the remaining 
portion of the FOV. 

The SST is very similar to the CT401 (See Figure 4-3) star tracker 
flown on SAS-C mission with minor differences. First, the time 
required to scan through the entire FOV is 10 seconds for the SST 
Instead of 4 seconds as for the CT401. Secondly, it has the following 
options: 

i 

e Position output calibration 

• Self Test 

• Internal compensation 

• Offset pointing 

• Bright object protection 

e Sun shade 

The NASA. SST specified by GSFC-S-712-9 is the basic SST with the 
position output calibration and bright object projection options. The 
SST has a ground command star magnitude threshold setting of 46, 45, 

44 and 43. When the magnitude is set to acquire 46 or brighter stars, - 
the position inherent output accuracy is 120 sec RMS with peak errors 
of 240 sec. The major error components are measurable and repeatable 
functions of temperature, star locution In the FOV and external ^ ^ 

magnetic fields. A set of calibration data sufficient to effect 
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position output accuracy of 10 arc see RMS is supplied with each 
tracker having the position output calibration option. Via a 
ground calibration process, this position output calibration Is 
actually accomplished by a set of third order, ten-term polynomial 
in each output axis. The position calibration equations are: 

V c “ C 1 + C 2 V + + C 4 v3 + C 5 y2 H + C 6 Vh2 + C 7 tf3 + C b h2 + 

C 9 H + C 1() HV (4.V» 

He « d x + d 2 V + dgV 1 2 + d^ + d 5 V 2 H + d fi VH 2 + d ? H 3 + 

d g H 2 + .< 9 H + d 10 HV (4.2) 

I 

where Vc =■ Compensated vertical reading 

He = Compensated horizontal reading 

V,H » Vertical and horizontal readout before compensation 
Cn, dn = Coefficients obtained from ground calibration 

One should bear in mind that this position output calibration is a 

software package and can reside in the onboard computer. It Is a "must" 

item in order to maintain the basic SST accuracy to 10 sec, therefore, 

it must be considered in the onboard computation consideration. When the 

target is acquired and the SST enters the track mode, the V and H 

» 1 \ 

readouts are delivered at the rate of every -40 v ' ms. Thus, the position 
output compensator represented in Equation (4.1) and (4.2) is also 
evaluated at the interval of 40 ms or multiples of this. A SST system 
evaluation was conducted and the results are presented in Table 4.7. 


(1) This time specification corresponds to Ball Brother’s anticipated 

perfo'T'jnce of an }*-r>»-oved version of the BBRC-SST 
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TABLE 4.7 SST SYSTEM EVALUATION 


CONSIDERATION FACTOR DESCRIPTION 

Life Cycle Costs 2(X&t/systefflS 


.N 


Design and Development 

% 

Build 

Test 

* • 

Performance-Physical Attributes 
Height and Mass Properties 

Volume, Area, Size 

Complexity-Passive Electrical 

Mechanical 


Engineering is complete. Flight build 
in progress for Shuttle. 

k ‘ V 

Most components manufactured at 
contractor' 8 facility. Assembly is 
performed at contractor's facility* 

In production. 

Ground checkout procedures and test 
equipment available at suppliers. System 
level testing limited. Qualification 
test to be conducted. 


Weight 25 lb including sunshade. 

Sunshade weight 5 lb. 

14 x 6.5 x 6.5 not including sunshade. 
Sunshade 16 in diameter x 24 inch length. 

Modular electrical construction 
non-redundant . 

No movable parts except shutter for sun 
protection. 


Accessibility/Maintainability Designed for accessibility and 

maintainability 

Potential for lg demonstration Testing in 1 g field for verification 

with no problem. 


Modular ity 


Yes 


Technical Uncertainty 
Performance-Functional Attributes 


EMI-Susceptlbility 


None 

Thermal - 10°C to 50°C .6°/sec rate 
16.7 g RMS random lOg sinusoidal 

SST is designed to meet EMC requirements 
of MIL-STD-461 equipment 
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TABLE &.7 SST SYSTEM EVALUATION 


CONSIDERATION FACTOR 

Maintainability /Accessibility 
‘Power Consumption (users) 
Standby power required 
Average power required 
Peak power required 
Mission Effectiveness 
Targeting, Pointing, Coverage 

Lifetime 

Reliability 

Survivability 

Technical Uncertainty 
Growth 

Software complexity 
Ground support -updates 

Downlink Processing 

In-Flight Calibration 
Cround Checkout 

Testability 

Schedules 

'Design 

Tests 


DESCRIPTION 

Modular design 
19.0 watts 
None 

19.0 watts 

22 watt when shutter is operated 


Accuracy 11.3 arc sec with all errors 
considered 

3 years 

System reliability 0.9978 at end of 
3 years 

Designed for launch environments and 
operating orbit environment 

None 

i 

Unknown at this time 

Simpler, only periodic update neceasary 

Require storage of star catalog- 
smaller sub catalog generation 

Require star Identification and sub 
catalog linking 

Easier under low slew rate 

Verification of system operation not 
complex 

Adequate test output available 



Syscem developed and in production. 
No facility mod required. 

Subcontract procurement 


J 


Interface available to perform self 
check and verify system level Interfaces 
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4.2.2 Trade Study 

A trade study was conducted between the NASA Standard S ST and 
other celestial sensor systems using celestial stars £or the attitude 
determination function. First , a trade study between the SST and a star 
mapper is presented. Second, a comparison between the SST and other fixed- 
head star trackers is presented and finally, a comparison with the next 
generation star tracker-Charge Coupled Device (CCD) is presented. The 
two significant factors considered in the trade study are: 

(1) The system must be able to operate in both the Inertial hold and 
dynamic environments pf MMSf solar, earth, and steller missions. 

( 2 ) The system must possess high accuracy with good data coverage 
probability. 

4.-2. 2.1 Comparison with Star Mapper 

The Star Mapper is generally a slit type sensor which uses the 
spacecraft rotational motion to provide set :ch and sensing functions. 

The spacecraft rotation causes the sensor to scan the celestial sphere. 

As the star image on the focal plane passes e slit, the star is sensed 
by the detector. If the signal is above the threshold, a pulse is 
generated by the electronics, signifying the star presence. The 
crossing time of the first slit and the elapsed time between the 
crossing of first slit and the following one(s) together with the star 
catalog provide the target star attitude information. 

The trade study was made between the SST and a Bendix SSA star 
taioner. The trade stud'* results rre presented in Table 4.8. 
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TABLE 4.8 COMPARISON BETWEEN SST AW? BENDDC SSA STAR MAPPER 


( 


CONSIDERATION FACTOR 

SST 

BENDDC SSA STAR MAPPER 

Dynamic Range (° /sec) 

Zero to 0*7 

0.05 ~ 6 

Accuracy 2<r - Arc Sec) 

10 

5 

Reliability (MTBF-Hrs) 

188,680 

429,400 

Cost (Per Unit) 

200K 

1,000K 

Weight (lbs.) 

25 

63 

Power (watts) 

19 

7 

Size (in^) 

r 

14 x 6.5 x 6.5 

12 x 12 x 10 

Star Magnitude 

+6, +5, +4, +3 

44 

Software Requirement 

Less Requirement 

More Complex 

In-Flight Calibration 

Easy 

Difficult 


From Table 4.8, one can see Chat although the Star Mapper has better 
accuracy and reliability, the SST la superior In all other aspects. 

The most Important factor is that the Star Mapper cannot be used in 
the stellar mission and the Inertial hold mode of the solar mission 
because It depends upon the spacecraft motion to acquire stars. 
Therefore, for MMS mission consideration, the SST should be selected 
over the star mappers. 

4. 2. 2. 2 Comparison with other Fixed Head Star Trackers 

A comparison between the SST and ather star trackers wa9 conducted. 
The comparison is shown in Table 4.9. Although both the Honeywell and 
TRW tracker have better accui icy chan the SST, there are two' major 
problems to U3e these two trui kers for MMS Mission. First, the star 


/ 


tracker sensitivity for chose tvQ trackers are +8 and brighter. 

This creates numerous data and storage and processing problems for 
onboard systems because there are about 14,000 stars for 48 magnitude 
and brighter. Secondly, the smaller POV of those two trackers impose 
a problem under dynamic environment since fever good quality star 
signals may be obtainable before it leaves the POV. • Because of those 
tvo restrictions, both the Honeyvell and TRW star, trackers can be used 
only during the stellar mission but may have difficulty for the solar 
and Earth missions. There are other star trackers such as the ITT 
tracker which has large FOV and dynamic range but do not possess 
required accuracy. Thus, the SST is still superior for MMS GADS usage. 

TABLE 4.9 COMPARISON OF STAR TRACKER CANDIDATES 


STAR TRACKERS 

SENSITIVITY 

(MAGNITUDE) 

FOV 

CALIBRATED 
ACCURACY (2 ) 

SST 

46 , 45 , 44, 4*3 

8° *8° 

10 Sec 

Honeywell Photon 
Counting Star Tracker 

48 

2° x 2° 

3 sec 

TRW EADS Tracker 

410 

1° x 1° 

3 Se2 

4. 2. 2. 3 Comparison 

with CCD Unit 


> 


The CCD Star Tracker uses a charged-coupled imaging array as a 
detector in place of an image dissector. The detector is a bur led - 
channel, line-transfer, charge-coupled device (CCD), with vertical and 
horizontal picture elements. A typical detector contains 488 vertical 
by 380 horizontal picture elements within an active image area of 8.8 mm 
by 11.4 mm. The detector is cooled to an operating temperature below 
0°C with an array of pellier affect thermo-electric junctions. 
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The detector array la readout with high speed micro programmable 
logic. At those places In the £leld of view where star energy la 
'detected, the operation Is slowed to allow analog to digital conversion 
of the signal charge of each picture element, or "pixel" In the region. 

A micro-processor Is employed to compute the location of the centroid of 
the star Images to an accuracy of about 1/10 of the inter-pixel distance 
and to provide sequencing and control functions. The CCD unit posses 
some distinct advantages over the image dissector star tracker (l.e., 
SST). Those are: the ability to track multiple stars simultaneously, 

no sensitivity to magnetic fields, and Improved accuracy. At the present 
time, TRW, BBRC, and Honeywell are evaluating the performance of CCD In 
the laboratory using experimental breadboard models. The preliminary 
characteristics of both the BBRC and TRW CCD units are presented in 
Table 4.10. Because the CCD unit has approximately the same FOV and 
dynamic range as the SST unit with better accuracy. It can be considered 
as the primary alternative for the SST for the MMS mission once It Is 
fully tested and qualified. 

4.2.3 Conclusion of Trade Study 

Based upon the above trade studies, we conclude" that the NASA- 
Standard Star Tracker is the best candidate for MMS mission at the 
present time. An alternative of using the CCD unit after full develop- 
ment is recoasnended. It Is also recomnended that the SST should be 
used under the condition that the spacecraft slew rate is les3 than 
O.S°/sec in order to maintain Its accuracy. Considering most of the 
MMS mission modes, this restriction is justified and the method of 
using the SST in combinat ion with DRIRU-II unit will be presented in the 
next section, g 
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TABLE 4.10 - PRELIMINARY CHARACTERISTICS OF CCD STAR TRACKER 


I 


CHARACTERISTIC 

UNITS 

TRW 

BBRC 

Field of View 

* 


- 

Total 

deg 

fc.60 x 8.53 

7.1 x 9.2 . 

Instantaneous 

arc min 

.81 x 1.35 


Optical System 



■ 

Focal Length 

mm 

76 

70 

f/NO 


.87 

- 

Transmission 


•75 

- 

Detector 


- 


Type 


Fairchild CCD 


Number of Clements 


488 x 380 

488 x 380 

Image Area 

«■» 

8.8 x 11.4 

8.8 x 11.4 

Configuration 


Front Illuminated, 
Interline Transfer 

Front Illuminated, 
Interline Transfer 

Electronics 



- 

Integration Time 
(for +6 M Star) 

sec 

. 100 max 

.100 max 

Readout Rate 
(for 46 M Star) 

sec 

.100 

.100 

Star Position Output 




Vertical 

Digital 

12 Bit Serial 


Horizontal 

Digital 

12 Bit Serial 


Star Magnitude 

Digital 

12 Bit Serial 


I’Hnte Interval 
(for +6 M star) 

”■1 c 

.100 max 

.100 max 



TABLE 4.10 PRELIMINARY CHARACTERISTICS OP CCD STAR TRACKER 


(Continue 


CHARACTERISTIC 

UNITS 

mr 

BBRC 

Accuracy (1 sigma) 


0 

* • 

Vertical 

arc see 

7.4 


Horlcontal 

arc sec 

4.1 


Total 

arc see 

4.75 

5.0 

Physical 




Velght 

lb 

7 

7 

Volume 

In. 

6 x 6 x 12 

- 

Power 

watts < 

9.5 @ 28 VDC 

26 <? 28 V1X 

Development 




Status 


Breadboard 
in Teat 

Breadboard 
In Test 


-r 


4,3 GPS Magnavox Receiver /Processor Assembly 
4.3.1 Global Positioning System Sumary 

The Global Positioning System (GPS) consists o£ 24 navigation ' 
space vehicles (SV) at an altitude of 20,182 km with an orbital 
period of 12 hours. A minimum of six and a maximum of eleven apace 
vehicles will be visible at one time. The Host Vehicle (HV) GPS 
Receiver/Processor Assembly (E/PA) will receive data from the GPS 
space vehicles when they are five degrees above the horizon. The 
expected position and velocity accuracies for a 500 km circular polar 
* orbit were determined by a computer program at Martin Marietta and ‘ 
are listed below. [Satin, l] 

Position: 12 M (1*) 

Velocity: .0061 M/sec (1*) 

Time: 9 nanosec (3«) 

The above time accuracy was taken from (jBirnbaum, l]. The problem of 
determining the Host Vehicle's position and velocity was solved in two 
phases. The first phase was to determine the GPS space vehicle ephemarll 
using the ground control segment. The second phase was to determine the 
Host Vehicle's position and velocity accuracies using the GPS pseudo- 
range measurements for navigation purposes. The a priori user position 
and velocity errors ih the radial (U), dovntrack (V) and out-of-plane 
(W) coordinate are listed below: 


U - 9144 M - 3» 

U - 21.4 M/S - 3* 

V - 14240 M - 3* 

• 

V - 7.6 M/S - 3 or 

W - 2134 M - 3<r 

W - 3.05 M/S - 3* 


o 









Tim position and velocity errors computed are conservative since 
it vas later determined the error in the Earth's gravitational 
constant was an order of magnitude too large. 

4.3.2 Host Vehicle's Comnand Interface to the Magna vox Receiver/ 
Processor Assembly * 

The Receiver/Processor Assembly receives from the Host Vehicle 
external control signals, pulse commands and data commands. [APL, l] 
gives a complete description of these commands. A stannary of the 
important commands is given below. 

The significant external control commands are: 

• HV Thrust Flag - The R/PA accepts a command which Indicates an 
adjustment to the HV orbit is in progress. 

• Time Strobes - The R/PA can receive four independent time strobes 
from the Host Vehicle. For each time strobe, the R/PA time code 
generator contents are saved with the leading edge of the HV 
time strobe and stored in R/PA memory for transmission to the 
ground. Each HV time strobe has an identification and quality 
flag. 

The principal function of pulse commands is to operate the system. 
The maximum number of pulse comnands is twelve. Specific functions of 
the pulse coraaand are: 

e R/PA power on/off 

• Select R/PA mode of operation. Mode of operation Include 
boot, command and navigate, 

• Selection of R/PA oscillator 

• Operation of R/PA time code generator 
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Bats eotmaands are used to initialize the system. Specific 
data comoand a are listed below. 

o Select data file output - The R/PA generates twelve data 
files for output. The user selects which files are to be 
sent to the Host Vehicle. 

• e Initialize the R/FA tine code generator. 

e HV almanac upload - The HV almanac is required at Initialization, 
e GFS space vehicles almanac upload - The GFS apace vehicles 
almanac upload is optional. If it is not uploaded, it will he 
collected from the GFS space vehicles by an almanac collection 
coimnand. The GPS space vehicle almanac Is used by the R/FA for 
selecting GFS space vehicles for navigation. 

• Other data commands are set receiver channel, set mode of operation, 
and memory dump. 

4.3.3 GFS Magna vox Receiver/Processor Assembly Output to the Host Vehicle 
The Host Vehicle is required to sample ten analog measurements at 
least once every eight secoads and 16 binary measurements at least once 
every four seconds. These measurements represent the health and status 
of the R/FA. 

The R/PA outputs twelve data files. Each data file is output once 
every six seconds or multiple of six seconds depending upon user 
requirements. As Indicated in the previous section, the user can specify 
which files to output. File 7 (navigation best estimate) is the file of 
Interest to OADS; although, at the la9t interchange meeting at GSFC, it 
was recommended that wo use both files 6 and 7 since they may merge 
sometime in the future. 
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The eoncencs of File 7 are listed in Table 4.11. Position and 
velocity In File 7 are given In the Earth Centered - Earth-Fixed 
(ECEF) Coordinate System which is designed as follows. 



a T r1 - USER TIME CODE GENERATOR KARR INDICATING WHEN THE 

TIME MARKER (EPOCH 1) ON THE GPS SIGNAL ARRIVED 

a TZME - RECEIVER'S GPS TIME OF ARRIVAL OF EPOCH 1 

a X, Y, Z - USER POSITION IN THE EARTH CENTERED - EARTH -FBCFD 

(ECEF) COORDINATE SYSTEM 


• V ,V ,V - USER VELOCITY IN ECEF COORDINATE SYSTEM 

x y z 

a Cjj - USER DRAG COEFFICIENT 

a *p 2 - USER POSITION VARIANCE 

a ff v 2 - USER VELOCITY VARIANCE 




• X is la the true equatorial plane in the direction of 
Greenwich Meridian 

• Z is along the true earth spin axis, positive in the 
Northern Hemisphere 

AAA 

• Y ■ Z x X 

GADS requires the position and velocity in the inertial reference 
.frame defined in Section 3.2. The transformation between the ECEF 
and inertial reference coordinate system is shown in Figure 4-4. 

The ECEF coordinate system is Identical with the Earth reference 
coordinate system defined in Section 3.2. 

i - 

A summary of the relationship between the GPS Rece.'ver/Processor 
Assembly and the Host Vehicle is shown Jo Figure 4-5. 


( 
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W g - Earth Rotation Rate 

t__i - GPS Time 


INERTIAL REFERENCE AND EARTH CENTERED - 
EARTH FIXED COORDINATE SYSTEM 

FIGURE 4-4 


( 
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5.0 MISSION PERFORMANCE STUDY 


A performance study was done on the attitude determination system 
(ADS) for the missions defined in Section 3. Section 5.1 describes thn 
simulator and the IMD and star tracker update algorithms used in this 
study. Sensors errors are given in Section 5.2. Section 5.3 presents the 
sensitivity study done on the OADS sensors and onboard Integrator. The 
performance reoulta for each mission are presented in Section 5.4. 

5.1 Simulator Description 

A schematic diagram of the simulator used in the performance study is 
shown in Figure 5-1. The system has two basic subsystems: the inertial 

measurement unit (It-UJ) subsystem and the star tracker update subsystem. 

Each subsystem is described In the following sections. 

5.1.1 Inertial Measurement Unit Subsystem 

A detailed IMU block diagram is shown In Figure 5-2. Three two 
degree of freedom dry-tuned gyroo are modelled to provide redundant 
vehicle rata measurements. Pulse counts are sampled at 20 Kx frequency 
and converted into angular rates in deg/see by rate reconstruction 
software. The raw channel output angular rates are compensated for 
static and dynamic errors by compensation software. The 6 compensated 
angular rates, which represent a set of redundant vehicle 3-axla body 
rates, will pass through the onboard data reduction processor and the 
vehicle rate vector is obtained. The vector will be used for 
attitude knowledge, star update compensation end the strapdown integrator. 
As shown In Figure 5-2. the -a*o v*etor can also be used for attitude 
control of the spacecraft. ^ rtnlnum variance weighted least square 
processor is mod as the data redaction processor [fon^, l] . The 
reduced body rate vector is fed into a numerical Integrator. Tha 
queternton vector ia used as the Internal state vector with periodic update 




FIGUBB 5-1 






























FIGURE 5-2 DETAIL DflJ BLOCK D 













from the star tracker attitude update software. A second order Runga- 
Kutta Integrator -lth a 20 Hz Integration frequency is currently 
selected for the strapdown system. 

0 

5.1.2 Star Tracker Subsystem 

Figure 5-3 shows the detailed star tracker algorithm block 
diagram. Yong fYong, 2J discusses the star update analytic details 
of the star tracker subsystem. 

When the star tracker(s) acquire and lock on to target stars, a 
set of tim-eattached raw two axes V (vertical) and H (horizontal) 
readouts are generated at the rate of AO ms. Temperature and 
magnetic sensitivity to the V and H readouts are compensated by a 
10 term 3rd order polynomial onboard compensator. Bad V U H 
readings are rejected via the data editing software. When more than 
one tracker acquires a star, the V and H reading from each tracker 
Is synchronized In time using the rate knowledge obtained from the 
DOT if the satellite possesses angular rates In Inertial space. The 
target unit vectors in the star tracker frame arc then constructed 
for attitude determination processing. 

A star catalog Is generated from SAO star catalog which contains 
the right ascension, declination, visual magnitude and other essential 
Information. For star magnitudes of +5.0 and brighter about 1500 
stars will be stored onboard if enough space is available. A trade 
study should be conducted to determine the number of stars to be stored 
onboard for the MMS missions. Star subcata.\ogs are generated containing 
stais within +5.6 degrees radius from the boresight of each tracker. 

A direct matching algorithm is employed for otsr identification between 
the accutred target and catalog stars. Once Identification is confirm*. 
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$oth Che targeC unit vector In the tracker frame and selected 
catalog stars in the inertial frame are sent to the filter for the 
cter attitude update process. 

A multi-stage sequential Kalman filter was developed for the 
star attitude determination system. The state variables are defined 
*. s the small angle rotations between the computed (from XMU) and the 
prue vehicle body frames. The filter is operated at a frequency of 5 Hz 
',r less. A measurement equation is established relating the measurement 
quantities (star unit vectors) and state variables. Through filter 
processing a best estimate of the state variables and its error covariance 
matrix is obtained. When the update of the XMU is desired, the small 
error angles are converted into the quaternion errors to update the 
strapdown IMU system. , . 

5.2 Censor Error Sources 

This section discusses the nominal gyro, star tracker, and GPS errors 
used in the mission performance study. 

5.2.1 Gvro Errors 

The nominal gyro errors used in the mission performance study 
are given in Table 5.1. The nominal errors were given by the vendor 
(Teledyne, lj. These nominal errors were based upon the testing of 
the S0G-5 gyros in the past two years and are believed to be the 

a 

maximum possible uncertainty errors for the SDG-5 gyros used in the DRIRU-II 
system. Explanations should be given regarding the nominal parameters 
shown in Table 5.1. Pertaining to the gyro-to-gyro misalignment in 
T hie 5.1, TcDedyne has indicated that the Individual gyro to the 
•/^IP.U-II mount ing'block realignment can be measured on ground to the 
I'.ctiracv of 10 arc sccom .. This Is an ihsolute r.easurement accuracy 
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Teledyne has been able to achieve on ground;' therefore, It should be 
considered at more than 3a accuracy value. It is, however, questionable 
that the misalignment values will remain the same after, the launch 
environment, flight temperature variation, and other environmental 
impacts. An onboard calibration method has been studied by Martin 
Marietta [Martin Marietta, lj. From the simulation results, it is 
believed that we can calibrate the gyro-to-gyro misalignment to the 
value of accuracy uncertainty of 20 arc seconds 2<r. This is a rather 
conservative value, especially if we know the non-orthogonality as 
accurate as S arc-seconds. « 


TABLE S.l TELEDYNE SPG -5 TDF NOMINAL ERROR PARAMETERS (2 a ) 


ERROR SOURCE ITEMS 
Gyro-to-Gyro misalignment 

Scale Factor 

Linearity Asymmetry 
Temperature Sensitive 

Nonorthogonality 

Bta6 Drift 
Temperature Drift 

Motor Dynamics 

Cross Coupling 

Uncompensable Errors 

Random Noise Standard Deviation 

Temperature Variation During Simulation 


ACCURACY UNCERTAINTY 
20 arc -sec 

50 PPM 
2 PPM/°F 

20 arc-sec 

0.001° /hr 
2 PFM/°F 

0.006°/hr 

0.01°/hr 

0.004°/hr 

0.1 x 10' 4 

5°F 


The SDG-5 gyro physical properties used £or the simulation are 
given In Table 5.2. 
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TABLE 5.2 SDC-5 GYRO PHYSICAL PROPERTIES 


Transverse Moment of Inertia 
Polar Moment of Inertia 
Angular Momentum 


2 

2360 gram- cm 
2 

1600 gram- cm 
1 x 10* c.gs unit 


The 1 9 scale factor accuracy given by the vendor la 25 PIW for 

linearity and asynssetry, and 1 PM/°F for temperature sensitive. 

Assuming the 'accuracy uncertainty follows normal distribution, a 2* 

value is then used to represent the scale factor uncertainty. This 

assumption Is also used for the other error source uncertainties, 

such as bias, dynamic errors, and uncompensable errors, etc. The 

nonorthogonality accuracy is taken the same as the misalignment 

value (20 arc-seconds - 2a) . However, it was later learned from 

Teledyne that this value can be measured to the accuracy of 5 are- 

seconds - 10 a uncertainty on ground and little change is anticipated 

due to launch and flight maneuvering impact. Thus, the 20 arc-second 

nonorthogonality value is a very much exaggerated value to be used 

for the nominal error simulation. The random noise value Is obtained 

from the SDG-5 gyro PSD and first difference test value conducted here 

at Martin Marietta [Martin Marietta, 2j. The value of transverse 

moment of inertia given in Table 5.2 is computed from the SDG-5 gyro 

sire and configuration [Yong, 3 3 . 

« 

5.2.2 Star Tracker Update Error Sources 

The star tracker Is used to periodically update the DfU 
reference to maintain attitude determination accuracy. The attitude 
update error sources c.m be divided into star catalog and star trachcr 


errors. 
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5.2.2. 1 Star Catalog Error ' 

Star position uncertainty - The average star position error for the 

SAO star catalog Is O.S arc-second 1». Thus, ve assume the 2 v position 
error is 1 arc-second. 

Star Motion Error - The highest annual motion for +5 visual 

.3 

magnitude and brighter stars if 0.75 x 10 deg/yr. This error 
depends upon the frequency o£ updating the onboard star catalog. If 
the star catalog is updated every half year, then the maximum possible 
position error due ro star motion is 1.35 arc-second. 

Aberration Error - Aberration is the apparent shift of the star 
position due to S/C motion, and for an earth-orbiting S/C la approximately 
5 arc-seconds maximum. However, this error can be estimated by a 
software relation and can be estimated and reduced to 1 arc-second 2*. 

Other star related errors such as faint background, multiple star 
mis- identification and quant izat lon/fetrors are relatively small compared 
to the above three error sources. Therefore, they are assumed negligible 
and are not included in the simulation error model. 

5. 2. 2. 2 Star Tracker Errors 

Basic Tracker Accuracy - The BBRC-SST star tracker can achieve 
10 arc-seconds (2w) accuracy after onboard temperature, magnetic and 
star intensity compensation if the S/C slew rate is lover than 0.5°/sec. 
For MMS missions, the star tracker update shall always operate during 
the non-maneuvering mode, therefore, the 10 arc-second basic accuracy 
can he .inured £dcvtn?cr, lj. 

Quantisation Error - The star position of BBRC-SST is indicated 
by a 12-bit digital verd for V & H and will produce an error of about 
2 arc-seconds (2v). 


S-Q • 


Borealght Axis Misalignment - The tracker can maintain a null 

accuracy of 10 arc seconds (2 a) . At the time being, it is not certain 

how much this misalignment error can be removed from on-orbit 

calibration. Thus, a 10 arc-second (2o) misalignment error is assumed. 

Time Tagging Error - With the S/C in the Earth mission environment 

the V & H readout time differential must be compensated by knowing the 

orbital rate vector in the tracker frame. Assuming the time tagging 

-4° 

accuracy of 5 ms and the rate error, of 0.1 x 10’ /sec, this error is 
negligible. 

The star tracker basic accuracy, quantization and boreslght mis- 

« 

alignment errors are modelled in the simulation program. The time 
tagging error, although unimportant in the MMS case, is also modelled. 
The significant star tracker update error sources -are summarized in 
Table S.3. 


ERROR SOURCE 

ERROR LEi’SL C, 

Star Catalog Error 

• 

Position Uncertainty 

1.0 

Star Motion Error 

1.35 

Aberration Error 

1.0 

Star Tracker Error 

Basic Accuracy 

10 

Quantization 

2 

Boreslght Axis Misalignment 

10 


TABLE 5.3 STAR UPDATE ERROR SOURCE SUMMARY TABLE 


5.2.3 Global Positioning System Orbit Errors 

The globil positioning system errors used in the*mission performance, 
study arc listed i’ TiM'i 5.4 [s itin, ll . The satellites position an d 
velocity errors in the performance study were modelled using a Gaussian 
*'istr i v at ton. 
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TABLE S.» CPS ORBIT ERRORS USFD IN PERFORMANCE STUDY 


Position 

Velocity 

Tine 


24 m (2a) 

.0122 m/aec (2a) 
18 nano sec (2») 


As indicated in Section 4.3. the GPS Magnavox receiver sends to the 
user position, velocity, and time every six second?. The errors in 
Table S.4 apply only to the beginning o£ the six-second interval. 

Between the six-second Intervals, the user satellite's orbital position 
and velocity deteriorates. The amount of deterioration depends upon 
the onboard orbit propagator accuracy. How much the user orbit accuracy 
deteriorates and the effect on the satellite's attitude is discussed in 
Section S.4. 4. 

5.3 Sensitivity Study 

A sensitivity study was done on several integration methods, gyro 
errors, star tracker errors, and orbit errors. Results are presented in the 
following sections. The pointing error angle used in the Earth missions and 
sensitivity study is defined as the RSS value of the pitch and roll error 
angles. The pointing error used in the solar and stellar missions is defined 
as the RSS value of the right ascension and declination error angles. 

5.3.1* Maneuver Profiles 

The maneuver profiles used in the performance and sensitivity 
studies are shown in Figure 5-4. The sensitivity study maneuver 
profile was the 2°/sec., 20 degree maneuver for a 400 km circular orbit. 
The initial attitude state was zero yaw and roll errors with a .004 
degree pitch error. All maneuvers were along the pitch axis. 




5.3.2 Sensitivity Due to Numerical Integration 


Three numerical integration methods were investigated to 
determine whf -h integration method provided the best pointing 
accuracy with a minimum computational requirement. The three 
integration methods were first order Taylor expansion, second order 
Runga-Kutta and fourth order Runga-Kutta. The sensitivity study 
maneuver profile discussed in Section 5.3.1 and nominal gyro and orbit 
parameters discussed in Section 5.2 were used. The crirerltn used in 
determining which integration method and step size would be satisfactory 
was to maintain a pointing error of less than .01 degree durirg the 
2 deg/sec maneuver, for a 400 km circular orbit. 

The results of the study are shown in Table 5.5. From Table 5.5 
the first order Taylor expansion method did not satisfy the pointing 
requirement. The second and fourth order Runga-Kutta methods do satisfy 
the pointing requirement for integration stepslzea of 0.05 and 0.01 
seconds and give nearly identical results. ' 

Because Che effect of the control system on the satellite attitude 
motion is unknown and high frequency motion may exist, the 0.05 second 
integration stepsize was selected. Since the second order Runga-Kutta 
method requires less computations and storage than the fourth-order 
Runga-Kutta, the second order Runga-Kutta method was selected with the 
fixed integration stepsize of 0.05 seconds, for use In the performance 
study as well as the 0M)S onboard integration requirement. 

The integration error occurs from the size of the integration 
stepsize (truncation error) and for a maneuver whether the start time 
of the integration interval coincides with the start time of the 
maneuver acceleration phase [Yong, 1 ] . The latter error is illustrated 
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la Flgurct 5-5. As shown in Figure 5-5 (a) the start of the 
Integration interval coincides with the start of the acceleration 
phase and no integration error occurs. In Figure 5-5 (b) the start 
occurs before the acceleration phase and an integration error is 
introduced. Since it is doubtful the integration interval will 
start at the acceleration phase or any attempt will be made to 
coordinate with the start of the integration Interval and maneuver- 
acceleration phase, this type of integration error should be considered. 
This error can be reduced by using a small integration stepslze. 

For the QADS study, the 0.05 integration stepslze was chosen tn 
handle the above errors and still maintain a 0.01 degree pointing 
accuracy for a maneuver rate of 2°/sec. If the maneuver rate is lower 
or a constant rate exists, a larger stepslze can be used. Therefore, 
for QADS- type missions it may be desirable to have the capability to 
change the integration stepslze onboard as a function of sensed rates or 
by ground command for different maneuver and tracking sequences. Studies 
will be required to determine the effect of changing integration step- 
aizes on the satellite computer configuration since less computing 
power would be required at a larger integration stepslze. This would 
also have an impact on the operational aspects of the missions. 

5.3.3 Gyro Error Sensitivity Analysis 

Sensitivity of various gyro error sources were studied using the 
maneuver profile discussed in Section 5.3.1. The gyro error 
parameter uncertainty values in Table 5.1 were used as the nominal case. 

Simulation runs were cade by setting each individual error source to 
zero while the other error sources remained at the nominal value. The 
result on the pointing error ol zeroing each error source is compared 
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with the pointing error of the nominal case. The purpose of this 
sensitivity analysis is to see what are the dominant error sources 
for the type of mission being considered. The results are given in , 
Table 5.6. As shown by the table, the scale factor, gyro-to-gyro 
misalignment and nonorthogooallty are the dominant error sources. A 
sensitivity study on the three dominant error sources was conducted 
The results are presented below. 

Gvro Scale Factor Error - The nominal 2a scale factor value is SO PPM 
for linearity and asymmetry, 2 PPM/°F for temperature sensitivity. The 
linearity and asymmetry are tho dominant error sources compared to the 
temperature sensitivity in the scale factor sensitivity study; therefore, 
only the linearity and asymmetry scale factor la varied except at zero 
when both are set equal co zero. The range of variation is from 0 to 
200 PPM and the result is shown in Figure 5*6. 

Gyro-to-Gyro Misalignment Error - The assumed nominal 2a gyro-te= 
gyro Diasligiuaeni value is 20 arc -seconds. As indicated by Teledyne 
[Teledyne, i] chia is a conservative misalignment accuracy uncertainty 
from on-orbi*' calibration. Assumptions are made that the misalignment 
value can be compensated by the onboard compensator to a value of 20 
arc second uncertainty. The range of misalignment variation is from 
0 to 40 arc-seconds for all three gyros in the DRIRU-II systems. The 
results are shown in Figure 5-7. 

Nonorthogonality Erro r - The nominal 2a nonorthogonality error Is 
20 arc-seconds. The error was varied from 0 to 40 arc-seconds and 
the results arc shown in Figure 5-8. 
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, 5.3*4 Star Tracker Update Error Sensitivity Analysts 

Aa Indicated In the previous sections, the star tracker update 
Is employed when the pointing error reaches a certain value by using 
the DfU strspdown integration alone and while the S/C ia in orbital 

j 

rate or in a vertically fixed condition. After the tracker acquires the 
stars, the compensated and edited V and H readout of the target star is 
processed by a Kalman filter processor after a star in the catalog is 
identified. Assume the star tracker update is activated when the pointing 
error of IMU determination approaches 0.01 degrees and the Kalman 
filtering update frequency is 5 Ha. After 4 seconds of continuous star 
acquisition, the pointing error is reduced to 0.004 degrees (14.4 arc sec). 

I 

Although further star acquisition continues, there la little improvement In 
the performance results. (The filter converges rather 9lowly after the 
first 4 seconds.) This result indicates that if continuous star lnfor- 
mat ion is available (foi SST tracker, this is highly possible), the star'* 0 
tracker update software package needs to be activated only 4-10 seconds 
after the initial star acquisition. 

The star update errors discussed in Section 5.2.2 are all modelled 
as Gaussian white noise except the boresight axis misalignment, which is 
treated as bias error. Sensitivity analysis has been conducted on the 
star update related errors and the result is summarized in Table 5.7. 



TABLE 5.7 STAR UPDATE ERROR SOURCE SENSITIVITY 

Percentage of Error Condition 


Boresight axis misalignment 72 
Basic V & H readout accuracy 17 
Star catalog related uriors 8 
Others 3 



J *w 



As Indicated la the table, boreslght axis misalignment Is the 
dominant error source for star tracker update. Improvement of 
performance Is anticipated if better information can be achieved* from , 
periodic calibration procedure on this bias error. 

5.3.5 Orbit Errors Sensitivity Analysis 

The orbit errors consist of an error from the onboard orbit 
generator when it computes the satellite's position and velocity between 
the GPS receiver six seconds update interval and the GPS receiver time, 
position, and velocity errors. 

Two onboard orbit generators were investigated: , a two-body orbit 

generator and a position and velocity propagator. The two-body 

orbit generator inputs Keplertan elements and outputs position and 

velocity. The position and velocity propagator computes an acceleration 

from the current and previous GPS velocity. Using the current position, 

velocity and the acceleration, the position and velocity propagator 

computes the satellite position and velocity. The algorithm for the 

position and velocity propagator is listed in Figure 5-9. 

To determine the accuracy of the above orbit generators, a six- 

second computer run was done using the Goddard Trajectory Determination 

System (GTDS) [Goddard, 1^ simulation orbit as the true orbits A 12th 

order Cowell/Adams predictor-corrector integration scheme with a 9th 

\ 

order polynomial geopotential model was used in GTDS to integrate 

the Cowell equations of motion. A comparison of the GTDS orbit to the 
% 

two-body orbit generator and the position and velocity propagator with 
a stepsize of .05 sec at the end of six seconds given in Table 5.8. 

As can he seen tn Table 5.8. the errors from either method are small. 

Since the two-body orbit generator requires a large amount of computation, 
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the posit** and velocity propagator vsa selected as the QADS onboard ^ 
orbit generator. 

The results for the orbit position and velocity propagator, as 
shown In Table 5.8, are based on computing a new position and 
velocity every 50 as. Since the orbit position and velocity may 
not be required every 50 as (or the onboard computer may not be 
able to compute position and velocity every 50 ms); a study was 
done to determine the effect on position and velocity If the stepslze 
was Increased. No difference In the velocity errors occurs for 
various stepsizes when using the position and velocity propagator. 

For all cases, the velocity error was 0.4 m/sec. The position errors 
for various stepsizes are presented in Figure 5-10. 

The satellite position and velocity errors from the Global 
Positioning System listed in Table 5.4 were modelled in the | 

simulation as a Gaussian distribution and added to the position and 
velocity propagator output. A sensitivity study using the designated 
maneuver profile was done on the GPS errors by varying the nominal 
2 (rvalues from 1 to 10 times the nominal values. Using the nominal 
orbit errors the effect on the pointing error angle was C.73 arc sec. 
Increasing the orbit error 10 times results in a pointing error of 
6.83 arc sec. From the above results it was determined that the nominal 
orbit errors have a relatively insignificant effect on the satellite's 
pointing error. 

5.4 Nominal Performance Results 

The proposed CADS attitude determination procedure is to use the IMU 

strupdovn package as primary sensor to continuously provide the reference 



mVornuL u>m trom the rate integration. As the reference accuracy gradually 
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Given: 

Position (P^), Velocity (V^j) anil tine ( t t-l ) 

position (P^) , Velocity (V^) and tine (tj) 

A • Acceleration 
At “ Stepslze 


a) Compute Acceleration 

A, - ‘(V, ft,) - V, ft,.,))/ ft, - «,.,) 

A y - <V y ft,) - V y ft,.,))/ ft, - t,.,) 

A, ■ ft, ft,) - V, ft,.,))/ ft, - t,.,) 


b) Compute Velocity 


V,-\ + A x At 


V - V + A At 

y y y 


v, - v w + A At 

z z z 


c) Compute Position 


P - P + V At 
XXX 


P y * P y ♦ V y At 


p z * P z + V z “ 




FIGURE 5-9 POSITION AND VELOCITY PROPAGATOR ALGORITHM 
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0.202 
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5.4 Nominal Performance Results - (Continued) 


deteriorates due to the cumulated gyro errors, the star tracker will be 

activated to update the reference information after star acquisition and 

the filtering process. By properly mounting the star trackers such that 

the tracker data vill not be reduced significantly by Earth, sun, or bad 

geometry the star update performance is relatively Independent of the 

three different MMS missions. However, the orbit rate correction reduced 

the error in the earth mission, which is relatively small as indicated by 

the error sensitivity analysis. With the error parameter values described 

in -Table 5.3, the star update gives 0.004° (14.4 arc sec) 2c pointing accuracy 

« 

after a continuous sighting of stars. Thus, the performance analysis in the 
following paragraphs is concentrating on the primary attitude determination 
sensor ^ the HID. The performance study determined what was the resultant error 
after a certain type of maneuver under different mission environments and the 
time interval between star tracker updates. 

Performance results are presented in the following sections for the 
Earth, stellar and solar missions. Due to the star tracker update accuracy, 
an initial attitude error of 0.004 degree along the pitch axis is imposed on 
all missions being studied. All maneuvers were along the pitch axis using 
the maneuver profiles discussed in Section 5.4.1. The nominal sensor errors 
discussed in Section 5.3 were used. 

• 4 

5.4.1 Nominal Earth Mission Performance Results 

The earth missions of interest are 400 km, 705.3 km, and 2000 km 
orbits at inclinations of 56, 98.2, and 56 degr*es, respectively. 
Performance results for nadir tracking, 5°/minute and 2°/sec 


maneuver profiles defined in Section 2.1 are presented in Tables 
5.9 - 5.13. Tables 5.10 - 5,13 present the performance results for 




C- 


each reneuver profile at the different altitudes. Table 5.9 
presents the three maneuvers for IANDSAT-D (705.3 tan altitude, 

98.2 degrees inclination). As shown In Table 5.9, the pointing 
error rate decreases as the maneuver rate decreases. This occurs 
because the effect of the gyro scale factor errors and gyro-to-gyro 
misalignment errors are directly related to the body rates. From the 
sensitivity study, Section 5.3.3, the above gyro errors were the most 
significant. 

The pointing error rate provides a way to determine how often 
the attitude state needs to be updated by the star tracker. Assumlig 

the nominal mission requirement is to maintain a pointing error of .01 

% 

degree and a star tracker accuracy of .004 degrees, the pointing error 
change between star tracker updates is 0.006 degree. The time interval 
between star tracker updates for each study case was computed and is 
presented in Table 5=14. Table 5.14 shows that as the maneuver rote 
Increases for a specific orbit, the more frequent attitude updates 
become. This occurs because the gyro errors are directly related to 
the satellite body rates as discussed above. As the satellites altitude 
increases, the orbital rate decreases resulting in a lower pointing 
error rate and longer time intervals between star tracker updates. Thus, 
the lower the orbit and the higher the maneuver rate, the more frequent 
star tracker updates will be required for each Earth type mission. 

5.4.2 Nominal Stellar Mission Performance Results 

The stellar missions Investigated were 400 and 2000 km at an 
inclination of 28.5 degrees. The star lock and dwell maneuver was 
simulated by commanding a negative pitch rate. The resulting pointing 
error, pointing error rates, end time between star tracker updates are 
presented in Table 5.15. 
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TABLE 5.9 IANDSAT-D ORBIT PERFORMANCE RESULTS FOR VARIOUS MANEUVER RATES 


ALTITUDE • 705.3 ka 

IANDSAT-D ORBIT INCLINATION - 98.2 Deg 


NADIR 
TRACKING 
60 SECONDS 

5° /MINUTE 
20° MANEUVER 
245 SECONDS 

2° /SECOND 
20° MANEUVER - 
13 SECONDS 

FINAL PITCH 
ERROR (ARC-SEC) 

15.11 

24.59 

19.21 

FINAL POINTING 
ERROR (ARC-SEC) 

15.14 

25.87 

20.33 

LATITUDE ERROR 
(ARC-SEC) 

1.88 

3.129 

2.10 

LONGITUDE ERROR 
(ARC-SEC) 

0.14 

0.52 

0.65 

ALTITUDE ERROR 
00 

24.0 

25.0 

25.0 

POINTING ERROR 

RATE (ARC-SEC/SEC) 
■ — — ■ 

0.012 

0.047 

0.46 



/ 
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TABLE 5.11 PERFORMANCE RESULTS FOR A 20 DEGREE MANEUVER AT 5 


FORTHE WO tan AND 705.3 km 2MCiH MISSIONS 


5°/MINUTE - 20° MANEUVER - 245 SECONDS 



400 km 
1 « 56° 


705.3 km 
1 - 98.2° 


FINAL PITCH 
ERROR (ARC-SEC) 


FINAL POINTING 
ERROR (ARC-SEC) 


LATITUDE ERROR 
(ARC-SEC) 


LONGITUDE 
ERROR (ARC-SEC) 

ALTITUDE ERROR 
(M) 

POINTING ERROR 
RATE (ARC-SEC/SEC) 


27.63 


24.59 


25.87 



o 


/ 



































TABLE S. 13 


PERFORMANCE RESULTS FOR A 5° MANEUVER AT 5° /MI NOTE 
AND 2° /SECOND FOR THE 2000 tea EARTH MISSION 


5° MANEUVER, ALTITUDE-2000 tan 1-56° 


5° /MINUTE 
(64 SECONDS) 

2° /SECOND 
(6.5 SECONDS) 

FINAL PITCH ERROR 
(ARC-SEC) 

18.06 

16.77 

FINAL POINTING 
ERROR (ARC-SEC) 

18.09 

16.78 

LATITUDE ERROR 
(ARC-SEC) 

4.21 

3.96 

LONGITUDE ERROR 
(ARC-SEC) 

3.96 

3.61 

ALTITUDE ERROR 
(M) 

25.0 

26.0 

POINTING ERROR 
RATE (ARC-SEC/SEC) 

0.058 

0.37 
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TABUS 5.14 TIKE BETWEZN STAR TRACKER UPDATES FOR THE EARTH MISSIONS 



TIMS BETWEEN STAR TRACKER UPDATES 
(MINUTES) 

ORBIT 

ALTITUDE (km) 

NADIR 

TRACKING 

5° /MINUTE 
MANEUVER 

2° /SECOND 
MANEUVER 

400.0 

20.00 

6.67 


705.3 

30.00 

7.66 


2000.0 

46.15 

*6.21 



*Thia data la based on a 64 sec 5° /min. , 5° maneuver Instead of 20° 
maneuver at 400 km and 705.3 km which has larger scale factor error 
effect 
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5.4.3 Nominal Solar Mission Performance Results 

The solar missions investigated were 400 km and 2000 ka at an 
inclination of 28.5 degrees. The sun lock and small scan maneuvers 
were investigated. The sun look is the same as the star lock and the 
xesults are presented in Table 5.15. The small scan maneuver was 
simulated by scanning .5 degrees (the diameter of the sun) at 5°/minute. 
Associated pointing error, pointing error rate, and time between star 
updates is presented in Table 5-16. 

5.4.4 Summary 

Based upon the sensitivity and performance results, the following 



• < 
observations can be made. 

(a) The proposed On-board Attitude Determination System consisting 
of NASA Standard IKU (DRIRU-I1), NASA Standard star tracker (SST), and 
CBS receiver, with the described attitude determination procedure and 
algorithms, is capable of providing precision on-board attitude information 
for all these MMS missions (Earth, solar and stellar). 

(b) The most significant IMJ errors due to maneuvers are scale 
factors and -gyro misalignment. In non-slewing environments, bias drift 
is more importaot. 

(c) The most significant star tracker error is boreslght axis 
misalignment. Significant improvement of performance is anticipated 
if better knowledge of this error is available. 

(d) If the Global Pointing System is able to .maintain its specified 
accuracy, the impact to the 0ADS accuracy is insignificant. 

(e) As expected, the Earth mission is the most demanding one 

among the MMS missions for QADS system. For the same maneuvering sequence— \ 
the 400 km altitude Earth mission requires the most frequent updates by 


I 


st8r trackers. 


t - 1 • - 

“ j ! ' t 

(f) As the spacecraft altitude increases, the tin required for 
star update to nalntala a certain accuracy level also Increases. The 
GASS performance Is Independent to the change of orbit plane inclination. 

(g) As the maneuver rate increases, the require time Interval 
between star update decreases due to large ZMd error buildup during 

i 

maneuvers . 
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TABLE 5.16 SOLAR MISSION PERFORMANCE RESULTS 

















I MICROPROCESSOR SOFTWARE ANALYSIS 

This section describes our software analysis for a microprocessor 
based spaceborne attitude control system. Figure 6-1 illustrates the 
OABS elements which we have examined. A timing analysis was performed to 
determine what throughput could be expected and whether this throughput 
was consistent with QADS objectives. To perform the detailed timing 
analysis, the actual code was written for a baseline configuration containing 
Intel 8080 microprocessors and Advanced Micro Devices AM 9511 arithmetic 
processor units. There were two reasons for choslng this configuration. 

^ First, these devices are representative of current large-scale integration 
(LSI) fabrication technology. Secondly, because the devices are N-Channel 
silicon gate metal oxide semiconductor (HMDS) ’■echnology, the 8080 and 
AM 9511 are relatively power conservative, -moderate speed devices. This 
latter characteristic helps to provide conservative timing estimates. 

Section 7 discusses the hardware aspects of our baseline configuration as 
well as the use of other types of fabrication technology in spaceborne 
processing applications such as QADS. 

The following paragraphs describe the results of our software analysis 
of an QADS microprocessor system. Although star tracker processing is only 
performed a few times per orbit, very fast processing is required when star 
tracker measurements are being taken. We, therefore, performed a special IRU 
and star tracker integration analysis to insure that performance objectives 
could be maintained. Total system integration, Involving all CADS processing 
elements, is described at the end of this section. 

6.1 IRU Analysis 

Figure 6-2 shows the five steps required for IRU processir, 0 . Previous 
analysis showed that-rhe gyro inputs were to be sampled every 50 milliseconds (ras). 
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IRU PROCESSING STEPS 
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This implies a 50 ns cycle tine xor ZBO processing, however, the 
quaternion must be produced as early as possible to minimise the Impact 
on star tracker processing. 

The algorithms associated with IRU processing are: data edit, rate 

computation, compensation, data reduction, and integration. Although there 
are many methods of editing gyro data and Isolating bad readings, the 
algorithm used in our timing analysis simply consisted of reading six gyro 
input channels and checking that the readings be between predefined maximum 
and ainimum values. Rate computation consist of differencing consecutive 
gyro readings and multiplying this value by the rotation rate. Since the 
gyros are sampled at fixed time Intervals, the rate conversion factor is a 
constant. The equation therefore becomes: 

“ - < P 1 - P l-1> K v 

For six values of tf, compensation is necessary to correct channel rate 
measurements for static and dynamic gyro errors (see Section 5). Two 
equations must be evaluated: . 




xc 


*' -'.“y + P , ' »'Vx + C '“ "y> 


and 


yc E ' <“y + <p s + U «z> *. • *• »y“t + C '*V 


for three values of W and three values of W . 

xc yc 


* ” yt 

The data reduction algorithm 


is a least squares algorithm for computing body rates from the corrected gyro 
measurements. The equation is of the form: 

[-J- {■]'[•.] 

Once data reduction is per .'01 svil , it is then possible to evaluate the 
quaternion differential equation using a second order P.unga-Kuctd Integration. 
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The equations Involved with this step are of the fora: 

_‘i-3 ‘ ^i-i][’t-i] 

Y i-iJ"(^i-iJ +At Qi-i] 

DO - 'H CO 
BO* BO + ^ <•*] ♦[*«]» 

where 

[“]■ f ( H> 

For a more detailed explanation of the algorithms associated with IRU 
processing, the reader should consult Section 5. 

As can be easily seen from the algorithms just sunaarlzed, IRU processing 
Is a computational oriented problem. Microprocessors have for some years bean 
used as circuit simplification devices as well as In many small process 
control applications. Only recently have the computational capabilities of these 
these devices been examined for use in applications such as CADS. The Intel 
8080 microprocessor is an 8-bit general-purpose processing unit. Its relatively 

primitive Instruction aet (as compared to minicomputers) makes the 8080 

> - - 

undesirable for performing the arithmetic computational requirements needed 
for on-board attitude determination. The Am9511, on the other hand. Is 
tailored to performing arithmetic computations (refer to Appendix I ) but Its 
data management capabilities are extremely limited. IRU processing vras, 
therefore. Initially analyzed for a system containing both an 8080 and an 
Am9511. 

In our analysis, worst case timing was always used. For example, a 
floating point cddition in the Am9511 requires between 28 and 175 microseconds 
depending on normalization. A high dejifett' of confidence can be placed in the 
results we obtained since our analysis used not only conservative timing 
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estimates for individual instructions but also because all of the 
algorithms ware coded at the instruction level without any attempt ,to 
optimise the code. The following table shows the results of our timing 
analysis. 

" TABLE 6.1 ESTIMATED IRU THROUGHPUT USING SINGLE APU 



ALGORITHM 

algorithm processing 

TIME Cos) 

ACCUMULATIVE PROCESSING 
TIME (ms) 

Data Edit 

.132 

.132 

Rate Computation 

1.157 . 

2.289 

Compensation 

13.242 

15.531 

Data Reduction 

21.534 

37.065 

Integration 

12.924 

49.989 


Ve determined that all nominal IRU processing can be accomplished by 
one 8080 microprocessor and one Am9Sll arithmetic processor in 49.989 ms. 
Although it is interesting to note that this KMOS configuration is capable 
of meeting IRC throughput requirements (50 ms), the analysis shows that there 
is virtually no room for expansion. 



It was initially felt that OADS processing could use a multiple micro- 
processor configuration to Improve throughput by parallel processing. 

Assuming that parallelisms exist in the IRU algorithms, dual microcomputers, 
each consisting of an 8080 and Am9511, could be implemented to improve IRU 
processing throughput. There is, however, an alternate configuration which 
proved to be much more favorable. Figure 6-3a shows the microprocessor unit 
(MPU) and arithmetic processing unit (\PU) activities during a segment of IRU 
processing. The gaps in this timeline figure represent periods during which 
a device (MPU or APU) cannot perform usefu 1 work because if is waiting on >. 

data being used by the other device. To illustrate how much this configuration 
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FIGURE 6-3 

REPRESENTATIVE EXECUTION IN SINGLE AND DUAL APU CONFIGURATIONS 



characteristic was degrading throughput, a processor efficiency term 
was calculated. This term, E, was defined as the amount of time a 
processor was performing useful work divided by the total algorithm 
processing time. Processor efficiency in the slngln MPU, single APU 
configuration is shown in the following table. 

TABLE 6.2 PROCESSOR EFFICIENCY IN SINGLE APU SYSTEM 



ALGORITHM EFFICIENCY 

ACCUMULATIVE 

EFFICIENCY 

ALGORITHM 

EMPU 

EAPU 

EMPU 

EAPU 

Data Edit 

1.0 

0.0 

1.0 

0.0 

Rate Computation 

.46 

.54 

.49 

.51 

Compensation 

.33 

‘ .67 

.36 

.64 

Data Reduction 

.34 

.66 

.35 

.65 

Integration 

.38 

.62 

.36 

.64 


As can be seen In the table, during ZRD processing the B080 Is 
performing useful work only 36Z of the time while the Am9511 is busy 647.. 

This fact, combined with the timeline characteristics (see Figure 6-3a), 
suggest that throughput could be Increased significantly by the addition of 
a second APU. Such a multiple APU configuration can take advantage of 
parallelisms in the IRU algorithms but would be much less complex, in both 
hardware and software terms, than a dual microcomputer configuration. 

Figure 6'3b illustrates the overlapped processing that can be obtained in the 
single MPU, dual APU configuration. The following table shows the results of 
the software timing analysis of the dual APU system. 


TABLE 6.3 ESTIMATED IRQ THROUGHPUT IN DUAL AFP SYSTEM 


ALGORITHM 

ALGORITHM PROCESSING 
TIME (ms) 

ACCUMULATIVE PROCESSING 
TIME (ms) 

Data Edit 

.132 

.132 • 

Rate Computation 

1.245 

1.377 

Compensation 

7.198 

8.575 

Data Reduction 

13.521 

22.096 

Integration 

7.324 

29.42 


In our timing analyses, numerous ways were found to code the aoftware 
and obtain different degrees of overlapped execution. Wo attempt was made 
to optimize parallel execution and the results of our analysis for the dual 
APU configuration are even more conservative than for the single APU 
configuration. Two performance Items are Important In the dual APU configuration. 
First, MFU and APU efficiency are much closer. Accumulative Enpu Is .61 and 
accumulative Fapu la .56. This means that although performance may be further 
improved by adding another microprocessor or arithmetic processor, the 
Improvement would not be dramatic. Secondly, the 29.42 millisecond accumulative 
IRU processing time represents 607. machine utlllcatlon.-^Although many flight 
computer designs are based on timing estimates shoving 50% machine utilization, 
we do not feel this extra safety margin would be necessary In an IRU micro* 
computer system. Most flight computers are Intended to be general purpose 
systems whose processing requirements are dependent on total spacecraft 
engineering and science needs. These needs may change during the mission 
and the general purpose flight computer must accommodate these changes. An 
IRU microcomputer system is dependent only on IRU processing requirements. 

Thu microcomputer handles a very limited and (hopefully) well-defined requirement. 
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Furthermore, changes in these requirements during a mission are limited by 
the fact that che IRD microcomputer will have limited Interfaces to other 
spacecraft subsystems. For these reasons and because very conservative 
timing estimates were used, 60% microcomputer utilization avpears to be 
very reasonable. 

6.2 Star Tracker Software Analysis 

Figure 6-4 shows the steps involved in processing data from a single 

star tracker. There are basically ten algorithm seta Involved. The first 

of these algorithms is to simply read the star tracker and convert V & H 

grid values to engineering units. This is a straightforward conversion 
« « 

process : 

V E - V * Ky 

Once V and H are computed in engineering units, it is necessary to synchronlz 
the readout by "moving" the V ard H values forward or backward in time. This 
is necessary if a quaternion, as supplied by the 1RU, is to be used in star 
tracker processing. To synchronize the V and H reading, the average gyro 
rate must be computed, 

£ W AVg]b <[ Mi ]b + i-lj B * 

and converted into the star tracker reference frame. 



The synchronized V and H values may then be calculated. 
V S " V E + U ZS At 

H s bH e + w xs^ 
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FIGURE 6-4 
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3>iaee sear tracker readouts are sensitive to both temperature and ' 
magnetic field, compensation is required. To accomplish this temperature 
and magnetometer reading must be made and using these values interpolation 
in lookup tables is performed to determine twenty correction coefficients. 
Compensated V and H values may then be obtained using the following 
equations: 

V C ’ c i + Vs ♦ Vs 2 ♦ Vs 3 + vA + Vs \ 2 * °A 3 + 

Vs' * Vs + Ws 

"c • d i + Vs + Vs 2 + Vs 3 + VsS + Vs 8 / + Vs 3 + Vs' + 

d 9 8 S + Ws 


ahere C and d^ are compensation coefficients computed by linear interpolation 
i n lookup tables. | 

After compensation, the data should be edited as was done in I&U 
processing. This simply involves Insuring that Vc and Hr. lie between 
minimum and maximum limits. To perform star identification, it is necessary 
to convert Vc and He values to inertial right ascension and declination. 

This is accomplished as follows: 



M- 


-sin H_ cos V 

V C 

cos H c cos V c 
-sin V 


2 2 2 2 
«i -q 2 -q 3 *i 4 

2 <V*2 * V* 4 > 
2(q 1 q 3 + q 2 q 4 ) 


2<q x q 2 +• q 3 q 4 > 

2 2 2 2 
-<1 *»2 -«3 **4 

««J<1 ■ V*’ 


q 2 « 4 > 

2 ( Vj *»iV 

2 2 , 2.2 
-q t -q 2 + q 3 *q 4 


where qi Is an element of quaternion to which V and H were prevloualy 
synchronized . Then, 




- tan (Sj/S^ 

»VH * • ln ' 1 < s 3> 

Knowing the right ascension and declination associated with V and H readings, 
it la possible to search a star catalog and determine what star Is ln the 
tracker' a field of view. This Is accomplished by determining which star has 
a right ascension and declination closest to that predicted by the V and H 
readings. Therefore, the equation: 

D B “ (< *S ~ a VH* + * S S ’ 6 VH* 

must be evaluated for every candidate star ln the catalog. After the proper 
star has been Identified, a Kalman filter process is used to correct the 
quaternion for the difference between the known attitude frame and the ideal 
attitude frame. The equations associated with the Kalman filter process are 


shown below: 


H- 


-cos H c cos V c 


-sin H. sin V 
w C 


sin sin 


-cos H sin V_ 
C C 


■cos V. 


/ •' / 



where 




q 4 - % d.o + c u +c 22 +c ‘ 3 )% 

q l ’ <C 23 " C 32 )/4<, 4 


q 2 



C 13)/4q 4 


q 3 " (C 12 " C 21 )/4<, 4 
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Once Che updated quaternion has been produced. It will be necessary 
to integrate it forward in tine to catch up with the ZRU processing that 
has been going on asynchronously. The same Runga-Kutta integrator that 
was used in IRU processing is used again in this phase. In this case, 
however, an average gyro rate evaluated ever the las* N IRU processing cycles 
will be used. For .a more detailed discussion of the star tracker algorithms, 

• r 

consult Section 5. 

We performed the software timing analysis by writing the actual code 
needed in star tracker processing. Baseline configurations containing a 
single 8080 microprocessor and one or two Am9511 arithmetic processors were 
evaluated just as in the IRU timing analysis. Worst case instruction execution 
times were used and no attempt was made to optimize overlapped execution in the 
dual APU configuration. The Individual processing times for the star 
tracker algorithms are as follows: 




TABLE 6.4 ESTIMATED STAR TRACKER THROUGHPUT 


SINGLE APU PROCESSING DUAL APU PROCESSING 
ALGORITHM TIME (ms) TIME (ms) 


Units Conversion 

20.612 

20.3605 

Synchronization 

4.233 

2.551 

’ Compensation 

27.970 

19.987 

Data Edit 

.094 

.094 

Inertial Conversion 

29.92 

16.83 

Star Identification 

142.776 

74.526 

Kalman Filter 

133. 0745 

83.179 

Integration 

15.676 

9.159 


t 
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The following characteristics wars assumed In generating these timing 
estimates. First, there Is a 20 millisecond latency between V and H readouts. 
Secondly, the lookup tables used for compensation contained 100 entries each. 
Finally, the star Identification algorithm is based on a search of 100 star 
catalog entries. Although there are approximately 1500 stars of magnitude 
five. It will be shown in a later paragraph that searching the entire catalog 
is not necessary. 

The primary difference between XRU processing and star tracker processing 
is that star tracker processing is a two-phase problem. The first phase 
involves determining what star is in the tracker's field of view. Our 
analysis shows that It requires over 1100 milliseconds to accomplish a linear 
search of a star catalog containing 1500 stars (using a dual APU configuration). 



This time might ba reduced by using a binary search, however, the 8080 
microprocessor instruction set does not lend itself to this type of algorithm 
for large tables. Another approach we considered is to uae an Indirect lndoxlng 
table. If the star catalog is sorted by right ascension, an Indirect indexing 
table containing 360 entries is constructed. Each entry in the index table 
corresponds to one degree of right ascension and points to the star catalog 
where stars of corresponding right ascension are stored (see Figure 6-5). 

For example, assume that a given V and H reading and a quaternion produce a 
predicted star right ascension of 263.875°. This right ascension value is 
truncated and used as an index table position. The 263 entry In the index 
table contains an address In the star catalog where stars whose right ascension 
is 263 . n\n degree*, .ire stoic*’.. The star catalog entries around this point are 
then searched (using the star idem it ication algorithm previously described) 
to detotmme which star best tir% the predicted star right Jscension and 
declination. It is estimated that this may require searching 100 star catalog 
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entries and use 114 milliseconds (in the dual ATI) configuration). 

Once a ‘star in the tracker's field of view has been identified, 
searching the star catalog is not required again until that star leaves 
the field of view. Phase two of star tracker processing involves using y 
V, H and IRU quaternion, and star catalog data to produce an updated 
quaternion. This updated quaternion is then Integrated forward in time 
and used in succeeding IRU processing. Our analysis shows that for a 
single star tracker, generation of a corrected quaternion will require 152 
milliseconds in the dual AFU configuration. If two trackers are used, each 
having their own microcomputer system, star identification processing can 
be overlapped but most of phase two processing oust be executed sequentially. 
This results in 235 millisecond processing time when two star trackers are 
active. The following table sumoarizes this information. 


TABLE 6.5 MULTIPLE PHASE STAR TRACKER THROUGHPUT 


PROCESSING TIME WITH PROCESSING TIME WITH 
SINGLE APU (ms) DUAL APU (ms) 


Phase 1 
Phase 2 - 

Single Star Tracker 

Phase 2 - 

Dual Star Tracker 


265.6 


231.6 


366.0 


134.3 


152.2 


235.8 


6.3 IRU and Star Tracker Integration 

From the beginning of this study it was felt that the combined IRU 
and Star Tracker processing would place the greatest demands upon an onboard 
microcomputer system. IRU processing time is constrained by the fact that 
gyro readings are to be made every 50 milliseconds. Star tracker processing 
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oust be synchronised Co XRU processing and oust be performed In a 
sufficiently short time to correct the quaternion to the required accuracy. 
Because of the high denands on the IRU and star tracker microcomputers , It 
seemed appropriate to integrate these subsystems before Investigating the 
remaining elements of the CADS system. 

Since XRU data is required for star tracker processing and vice verse, 
a shared memory unit is anticipated for the two microcomputer systems. It 
would have been possible to directly connect the microcomputers using input 
and output ports; however, this technique would require higher software 
overhead. Because of the Independent processing of the IRU and star tracker 
microcomputer systems, a synchronization mechanism is required to insure 
reliable results. Two levels of synchronization are anticipated. First, a 
hardware semaphore is needed to prevent inconsistencies in shared data memory. 
For example, the IRU microcomputer must not be allowed to modify rate and 
quaternion data the scar tracker microcomputer is reading. The hardware 
semaphore would prevent this by permitting only one microcomputer system to 
access shared memory at a time. To avoid long access delays, individual 
microcomputers could move shared data into local memory and then operate upon 
that data while it is in local memory. The hardware semaphore need not be 
co-plex circuitry; in fact, it need only emulate a slow input/output port. 

The techniques for implementing such microcomputer logic are well known. 

The second level of synchronization is required to logically associate 
IRV and star tracker data. For example, the time between gyro readouts and 
star tracker readouts must be known to associate V & H readouts with IRU 
>• .vity... Obviously, a common clock and time tagging hardware is. an essential 
*• ".-sent in this synchronization. It will also be necessary in software to 
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carry tins tags (in the fora of counter values) along with rate values, 

V & H values, quaternion values, etc. This type of software logic Is 
cotmon In Dost process control applications. 

It was mentioned earlier that If two star trackers are operating 
sltsultaneously, star identification nay be performed in parallel but that 
correction of the quaternion (using two stars) is basically a sequential 
process. For this reason, it is desirable to put the two star tracker 
microcomputers in a master-slave relationship. This can be achieved by means 
of a "smart" switch. The function of the smart switch is to direct the data 
generated by the first tracker to lock on to a star to the master microcomputer 
system. The master microcomputer system may then proceed to identify the star 
and correct the quaternion. Should the second tracker acquire a star during 
this time, its data would be directed by the smart switch to the slave 
microcomputer system which would then proceed to identify the star. Uhen the 
master microcomputer has finished correcting the quaternion based on data from 
the first star tracker, it would check with the slave microcomputer to 
determine if a second quaternion correction can be performed. If the Kalman 
.filter can be run again, it is done at this time by the master microcomputer 
using data supplied by the slave microcomputer. 

The master-slave relationship between star tracker microcomputers is 
suggested because it reduces the complexity of software needed for star 
tracker processing and because it minimizes the Interfaces between the XRU 
subsystem and the star tracker subsystem. Implementation of the smart switch 
is not envisioned to be a difficult problem. Even if star tracker electronics 
cannot be extended to make a smart switch, it is possible to use normal 
switching logic driven by the -mister microcomputer system. 
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(.4 Orbit Generator and Resolver Software Analysis 

- / * 

The final elements of the OADS technique ve examined were the orbit 
generator and the resolver. A detailed timing analysis of these two 
elements was conducted using the single and dual APU configuration described 
earlier. The orbit generator consists of accepting a spacecraft state 
vector from GPS and then propagating this state vector forward in time to the 
points at which spacecraft attitude is being generated. A brief analysis 
showed that for the missions being examined, only very slight errors resulted 
from using linear progagation as opposed to two body (conic) propagation.' 
This fact may, of course, not be true in other missions having highly 
eccentric orbits. Linear interpolation can be very simply performed. First, 
an acceleration vector is computed based on consecutive GPS supplied velocity 
vectors. Once this is done, the state may be propagated using the equations: 


V t + At A 



'i+l 


p t+i • ' t +4t v i 

where A is the acceleration vector. Analysis shows that these operations 
require S.498 milliseconds in the single APU configuration, and 3*421 
milliseconds in the dual APU configuration. These times include calculation 
of the acceleration vector which in actuality is performed only once in 
every six seconds. 

The function of the resolver module is to calculate spacecraft attitude 
and orbit in tha format of the end user. This data is then relayed to 
Earth as part of the downlink- telemetry. The resolver software timing 
•• i lists was performed for an Earth mission since it was felt that these 
algorithms would place the greatest processing demands on the resolver 
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microcomputer system. The first algorithm in the resolver ie to transform 
the GTS provided state vector to the proper reference frame: 

[*»] ■[*] M 

H-HW 

|VJ is a function o*f GMT and Earth's rotation rate. Next. thej^C^j 


where 


and j^Cg I matrices are constructed: 

lT - T x T 

- z* x r 

p“ - p/|T| 

'z • Ti\’z \ 

If - Q/l oi 




X 


2 .. 

4* 


‘[a] 


and | _C„| is a function of the quaternion as discussed earlier (see Star 
Tracker Software Analysis). | T CJ may then be constructed using the equation 




where pC^ 


0 

1.0 

0 


0 

0 

- 1.0 


- 1.0 

0 

1.0 


Pitch, roll and yaw are then: 
Roll ** tan * 1-0 


Yaw ■ ton 


-1 


Pitch ■ tan 


-1 


{f C B (2,3) p C B (3,3)} 
j F C p (1.2 )/ f C b (1,1)} 

|p C H < 1,3 )/ [f C B 1 < 2 ' 3 > 


+ f C B 


■ <3.3)J 
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Finally, altitude, latitude, and longitude are calculated: 

» - ff| - «E 

l A - .to ' 1 



For a more detailed discussion of resolver algorithms for the Earth mission 
and other missions, consult Section 3. Our timing analysis shoved that it 
requires 59.637 milliseconds to perform resolver processing using a single 
APU configuration. Since this exceeds the maximum allowable processing 
time (50 milliseconds), this configuration is not satisfactory. Resolver 
timing in the dual APU configuration was 38.518 milliseconds. Performing 
both orbit generation and resolver algorithms in the same dual APU micro- 
computer would result in 41.939 milliseconds throughput or 04% system 
utilization. This vas considered tolerable since worst case timing estimates / 
were used throughout the analysis. It would also be possible to unload some 
orbit generator and resolver processing into the IRU microcomputer, if 
necessary. The primary reason for long processing times in the resolver 
algorithms is the heavy use of sine, cosine, arc tangent and square root 
functions . 

6.5 CADS Microcomputer Systeos Integration 

The composite microcomputer system's block diagram is shown in 
Figure 6-6. For more information on the hardware aspects of this configuration 
the reader should consult the next section. The following tabic summarizes 
the software timing analysis for the entire system. 
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FIGURE 6-6 






























TABLE 6.6 SUMMARY OF ESTIMATED OADS THROUGHPUT 


ALGORITHM 

PROCESSING TIME (ms) 

IRU Processing 

29.42 

Star Tracker Processing 

• 

Riase I (star identification) 

134.3 

Phase II (1 tracker - quaternion 
correction) 

152.2 

Riase II (2 trackers - quaternion 
correction) 

235.6 

Orbit Generator Processing 

3.421 

Resolver Processing 

38.518 


Since parallel, processing is used quite heavily in this system it is 
not possible to sum processing time and compute the throughput. The reader 
should consult the timeline diagram shown in Figure 8-7. The sum of IRU, 
orbit generator, and resolver processing times is equal to the latency time 
from when the gyros were read to when the downlink telemetry is available. 

This time is slightly greater than 71 milliseconds. As can be seen in Figure 6-7, 
all star tracker processing can be performed in parallel with IRU processing. 
Quaternion correction. Phase 2 star processing, requires 152 milliseconds for 
single tracker updates and 236 milliseconds for dual tracker updates. These 
time periods are noted on the figure as points ql and q2, respectively. It 
should also be noted that Phase 1 star tracker processing is only required when 
a star is first identified. Therefore, consecutive star tracker measurements 
only require Phase 2 processing. 

Our investigations show that use of a multiple microcomputer system for 
onboard attitude determination is quite feasible from the software timing 
viiw. Although our ily.is did not cover sone necessary housekeeping softwa-^ 
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these items are considered minor compared to the computational processing 
that mist be performed. It should also be remembered that in our analysis, 
worst case Instruction times were used and no attempt was made to optimize 
overlapped execution in the arithmetic processing units. Timing analysis la, 
therefore, very conservative. 
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7.0 MICROPROCESS OR HARDWARE ANALYSIS 

The puvpoae of Cuts section is to provide some Insight into the 
feasibility of using currently available LSI hardware in spaeeborae 
applications. Also included in this section is a discussion of GADS 
mass storage requirements 'and LSI technology trends. 

7.1 Analysis of Baseline Configuration Hardware 

A system level block diagram of the baseline GADS microcomputer 

system used in the software timing analysis is shown in Figure 6-6. 

Table 7.1 shows estimated parts count and power consumption for the 

« 

different elements used in the baseline configuration. Maximum power con- 
sumption occurs during Phase 1 star tracker processing and 16 estimated to 
be 363 watts. This may appear to be a very high power requirement; however, 
it must be realized that the duration of this peak power consumption lasts 
for only a few seconds, three or four times per orbit. Average power con- 
sumption estimates are considerably less, 39 watts, assuming that the star 
tracker microcomputers and bubble memory star catalog are powered down when 
not in use. It should be noted that the component count and power consumption 
estimates are very rough numbers since s detailed hardware schematic was 
not developed during this study. The component count is only based on SSI, 
MSI, and LSI devices and does not include discrete devices such as resistors, 
capacitors, etc. There are numerous semiconductor memory devices available 
on the market and semiconductor memory density is rapidly increasing. Since 
semiconductor memory is the largest contributor to both power consumption and 
component count, detailed component count and power consumption estimates 
should be delayed until breadboard prototying is initiated. 

The primary components of the baseline configuration are Intel 8080 
microprocessors and Am9511 arithmetic processors (see Appendix I). 
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table 7.1 oads baseline microcomputer configuration 

PCWER CONSUMPTION ANT COMPONENT COUNT 




COMPONENT 

COUNT 

TYPICAL POWER 
(WATTS) 

MAX POWER 
(WATTS) 

IRU 

77 

13.5 

26.4 

Star Tracker 
(Master) 

653 

107.6 

213.3 

Star Tracker 
(Slave) 

149 

25.3 

49.7 

OG/Resolver 

77 

13.5 

26.4 

Bubble Memory 

30 

48 

N/A 
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As was previously noted, these devices are fabricated using N-channel 

metal oxide semiconductor (NMOS) technology. This technology is considered 

feasible for spaceborne applications from the viewpoints of throughput, 

power consumption and temperature hardening. We have, however, discovered 

that NMOS devices are very susceptible to radiation contamination. Depending 

on crbit geometry, e total dosage of over 10^ Rad (si) can be expected in a 

multi-year mission. The radiation dosage threshold for NMOS devices is 

3 2 

approximately l.S x 10 . Upwards of 3 gm/cm of aluminum would be required 

to shield NMOS devices on long-duration missions. This is considerably more 

than the shielding requirements on most present-day flight computers. Circuit 

redesign of NMOS components could increase their radiation tolerance by an 

order of magnitude; however, even this dosage does not appear tc be satisfactory 

for many spacecraft requirements. 

7 . 2 Available Fabrication Tech u> logy 

The following paragraphs qualitatively summarize the advantages and 

! 

•-is id vantages of other fabrication techniques. Table 7.2 is included at 
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the end of this discussion so that the reader nay quickly compare the 
performance features of alternate fabrication techniques. The reader 
* should also consult Appendix l.for greater detail on the specifications of 
Individual LSI components l Section 8 contains supplementary information on 
the requirements for manufacturing LSI products specifically designed for 
epaceborne applications. 



P-Channel Metal Oxide Semiconductor (FMOS) - During discussions with Eob 
Sterner (NASA Langley) regarding bubble memory technology, mention was made 
of the radiation hardening problems associated with microprocessors. Because 
of NM0S vulnerability. Bob Stermer has been examining PMOS devices for space- 
borne processing applications; specifically, the Western Digital LSI 11. This 
device is sold in packaged form by Digital Equipment Corporation (DEC) as the 
EDP 11/03. The LSI 11 is a very powerful multi-chip microprocessor. It is 
a 16-bit device that executes the PDF 11/40 instruction set including 32 bit 
floating point arithmetic. Since the LSI 11 is custom made for DEC, detailed 
data on the microprocessor's architecture and circuitry are not generally 
available. It is known that the processor is microprogrammed and hence it 
could be customized for certain applications such as OADS. FMOS, although 
using less power than NMOS, also results in slower machine cycle times. 
Furthermore, Bob Stermer Indicated that he felt the radiation dosage threshold 

4 

was around 5 x 10 RAD (si) which is still far below tne requirements needed 
for five-year or longer missions. 

2 

Integrated Injection Logic I L - Texas Instruments was the first company to 

2 

announce a major microprocessor family based on I L technology, the SBP 9900. 

2 

Typically, I L has greater power consumption than NMOS, however, slightly 

'VL 
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higher machine cycle times should be possible. In its commercial form, 
the SBP 9900 has only slightly better radiation hardening than the NMOS 8080. 
Texas Instruments, under contract by the Navy, has been able to produce the 
SBP 9900 with a radiation tolerance of better than 2 x 10® BAD (si). With 
minimal shielding, such a device could be used in spaceborne processing 
applications such as DADS. 


Bipolar - Although there are many vendors of bipolar LSI devices, the AMD 2903 
is representative of microprocessor technology in this area. The most 
obvious disadvantage of bipolar processors is their very high power consumption. 
This, of course, must be weighed against processing speed and environment 
considerations. Bipolar microprocessors are five to ten times faster than 
NMOS and can withstand total radiation dosages of better than 10^ RAD (si). 

The shielding supplied by the spacecraft structure Itself is probably sufficient 
for five-year missions. La like the microprocessors previously mentioned, the \ 
bipolar AMD 2903 is supplied as a 4-bit wide slice of an arithmetic and logic 
unit (ALU). This has two important Impacts. First,- by cascading slices 
together, an arbitrarily wide processor can be built. Very long word length 
processors, however, become slow because of the latency associated with 
propagating signals through the bit slices. The other important aspect to 
the AMD 2903 bit slice is that the processor Instruction set is tailored by 
the user to his application by means of microcode. Since the Interdata 8/16 
minicomputer is made from bipolar bit slice architecture, very realistic 
software estimates can be made using the Interdata 8/16 Instruction times. 

Silicon on Saphtre (SOS ) - For the past two years, the industry has been 
awaiting the release of LSI devices based on SOS technology. Articles published 
in technical journals and other trade literature indicate that SOS devices 1 
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are capable of having most of the advantages associated with other 
fabrication techniques and few of the disadvantages. Unfortunately, 
the production development process required for SOS appears to be moving 

i 

very slowly. Hewlett Packard announced an SOS microprocessor last year 

but tho processor Is Imbedded in other Hewlett Packard equipment .and 

detailed Information Is not generally available. Rumors have been 

circulating chat RCA will release a version of their 1802 microprocessor 

using SOS; however, no such announcement has beenr made by RCA nor does 
♦ » 

one appear to be forthcoming in the near future. One very significant 
item discovered during our study was an ALU slice developed by Rockwell 
using CMOS/SOS technology. Rockwell, under the Advanced Computer 
Technology (ACT-1) contract from SAMSO, developed their ALU specifically 
for use in military applications such as spaceborne processing. The 8-blt 
wide ALU ia radiation hardened and presently being evaluated for use on the 
MX Program. Rockwell also has an internal study task in progress that in 
building a breadboard computer using the CMOS/SOS ALU. This computer will 
be evaluated for GPS applications. 

7.3 Mass Storage Requirements 

As part of this task, we performed an analysis of the feasibility of 
using bubble memory mass storage for saving the star catalog. To minimize 
star tracker processing, it is advantageous to not only save right ascension 
and declination in the star catalog but also matrices which are functions 
of sine and cosine. This results in a total of 14 parameters per entry. 

Assuming 1500 stars and 4 bytes per entry, then 84,000 bytes of storage arc 
needed for the star catalog. Since 84,000 bytes is beyond the direct addressing 

A 

range of present irirroprocessors , memdjry paging hardware would be required to 
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store the star catalog in train memory. This, of course, incresses both • q 
hardware and software complexity. A second disadvantage is that if the 
star catalog were stored in rrad/wrlte random access memory (RAM), then 
power would have to be maintained since this is a volatile storage medium 
Bubble memory, on the other hand, will not lose its contents when power 
is removed. The primary disadvantage to bubble memory is the long access 
time. Up to 2 milliseconds latency is associated with a random access and 
approximately one tenth millisecond latency for queued access. If the 
indirect indexing table technique (described in Section 6) were used, queued 
access into a bubble memory star catalog is possible^ 'It would also be 
possible to overlap processing of star identification algorithms with access 
to the bubble memory star catalog. Since Phase 1 star tracker processing is 
only performed once for each series of tracker measurements, the worst lmpoct 
that a bubble memory star catalog would. have would be a slight Increase in ^ 
the lead time required for quaternion correction. 

Two vendors are predominant in the bubble memory area: Texas Instruments 

and Rockwell. A Texas Instrument brassboard Bystem is presently under 

w 

evaluation at the Air Force Avionics Laboratory, Wright Patterson Air Force 
Base. Another prototype system based on the Rockwell unit is under evaluation 
at NASA Langley. In very general terms, power consumption is around 6 watts 
per 100,900 bits. Hence, a 100,000 byte unit (the size needed for the star 
catalog) would require about 48 watts of power. Also of interest is the 
fact that radiation hardening of the bubble memory Itself is not a problem. 

The sense amplifiers, however, are radiation sensitive. It was learned in 
discussions with Texas Instrument engineers that they are presently 


conducting internal studies to determine if alternate fabrication techniques, 

2 1 

such a3 I L, can be used to eliminate this problem area. 





The primary advantage of bubble memory la that It la a non volatile, 
read or write storage medium. The analysis currently being done by NASA 
and the Air Force Is to study the feasibility of using bubble memory to 

replace spaceborne tape recorders and drum memory systems. Bob Sterner of 

* ' 1 

Langley feels that flight quality systems should be available as early as 
1980. He has Indicated that work is presently going on to define a NASA 
standard low-cost bubble memory system. 


TABLE 7.2 PERFORMANCE COMPARISON 1 OF NMOS AND 
ALTERNATE FABRICATION TECHNOLOGIES 

DEVICE PERFORMANCE FACTOR 2 


FMDS 3 

1.29 

I*L 

.489 

BIPOLAR 

.07 

CMOS /SOS 

Not Available 

NOTES; 

• 


1. Comparison was done using a portion of IRU algorithms and 
should not be construed as a benchmark test. 

2. Performance factor is defined as alternate device timing 
divided by NMOS device timing. Hence, the smaller the 
number the better the relative performance. 

3. Comparison based on commercial versions. 
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8.0 MICROPROCESSOR SYSTEMS ANALYSIS 

The two previous sections described the results of our analysis of a 
baseline microprocessor configuration executing the nominal processing 
associated with on-board attitude determination. This section discusses 
other aspects associated with this application the conclusions we have 
reached after performing this study, and suggestions as to what activities 
should be pursued to realize a flight quality GAOS microcomputer system. 

8.1 Supplementary Design Issues 

There is one important operational aspect of an GAOS microcomputer 
system which has not been addressed: 'In-flight software updates. Most,-, 
special purpose ground based microcomputers have their programs stored in 
read only memory (ROM). The reason for this Is that ROM la non volatile and 
will not lose its contents when power Is removed. The contents of read/vrite 
RAM will be lost If power Is not maintained. If in-flight reprogramming is a 
requirement In the CADS application, it will not be possible to use the presently 
available forms of ROM. The power consumption estimates shown In Table 7.1 
are based on the use of RAM. If ROM could have been used, these estimates 
would be reduced by approximately fifty percent. 

Assuming that it is desirable to maintain an in-flight reprogramming 
capability, there are several implementation strategies available to the 
designer. First, if RAM is used throughout the system, it will be necessary 
to either maintain power to all subsystems at all times or to reload memory 
after power is first applied. Since the star tracker is used cyclically. 

It would not be economical to keep power applied to this subsystem; a memory 
reload strategy would be much more desirable. To reload nmmory, it is 

necessary to have a ma^s storage medtym, such as a tape recorder, available. 

8 

If a bubble memory unit is used to store the star catalog, this device could 
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also be used to save the program during power down. 

Two other design possibilities may be possible. The first alternative 
Is to use core memory. This technique has the advantage of being non- 
volatile and has already been used In flight computers. The primary draw- 
backs to core is that it requires considerable expense to construct it, it 
is much less modular than semiconductor, and it is slower than many of the 
presently available semiconductor units. The second design possibility is the 
use of electrically reprogrammable read only memory. There are many reprogrammable 
read only memories currently available. These devices are programmed 

electrically but can be erased by exposure to high intensity ultraviolet 
* ' « 

light. Recently, the Industry has been investigating the design of 
electrically reprogrammable read only memory.' Should such a technology come 
into production, it would be highly desirable In many spaceborne applications. 

A design issue which comes into play from the moment flight hardware is 
being considered is quality assurance. The testing that semiconductor vendors 
are doing for their commerical components is completely inadequate for flight 
use. JFL has started a testing program for the 8080, Am2900 and RCA 1802. 

Thua far, they have found many variations between manufacture's specifications 
and test results. Perhaps, more importantly, RCA is the only semiconductor 
vendor to take advantage of the JPL findings. 

Many of Che present testing techniques used with today's flight computer 
ern be applied to spaceborne microcomputer systems. These techniques include 
factory acceptance testing and burn-in testing at both the component and 
system level. Component traceability must be maintained throughout the 
costing phase. Self test software must also be written for flight qualification. 
Unlike present flight computers using SSI and MSI components, microprocessors - 

/(/(■ 
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and other LSI devices cannot be decomposed to force some error 
conditions. Because of this characteristic, the test software oust 
be touch more extensive and detect input patterns to which the devices 
are sensitive. This same software, or elements of it, can possibly be 
executed as a background task during the flight. ^ 

8.2 Concluslens 

The primary conclusion ve reached after performing our analysis of 
a microcomputer based on-board attitude determination system is that 
presently available commercial !£I devices can be configured to obtain 
the required performance. The important phrase in the previous sentence 
is commercial LSI devices . During this study ve were not able to find any 
microcomputer system which was ideally suited for the spaceborne environment 
and had the necessary performance for applications such as OADS. The 
major problem associated with most LSI hardware was lack of radiation hardening. 
Power consumption problems also influence the hardware selection but to a 
lesser extent. Ve feel that no significant benefits will be derived from 
further microprocessor performance analysis until standard flight quality 
LSI hardware has been defined. The following paragraphs describe what 
components are necessary to realize the benefits of spaceborne microcomputer 
systems. Power consumption problems also influence the hardware selection 
but to a lesser extent. We feel that no significant benefits will be 
derived from further microprocessor performance analysis until standard 
flight quality LSI hardware has been defined. The following paragraphs 
describe what components are necessary to realize the benefits of spaceborne 
microcomputer systems. These recommendations are based not only on our OADS 
analysis, but also on previous investigations we have performed and on 
discussions with other industry and DOD personnel. 


Zt Is unlikely that one microcomputer system will be sufficient to 
properly handle all the spaceborne applications that are becoming 
evident. Therefore, It would be advantageous to have a number of low-cost 
standard systems from which a designer could select. We envision that three 



types of- microcomputer systems are needed. At the low of the performance 

i 

spectrum, a single chip microprocessor should be available for non time- 
critical process control applications. By supplementing this microprocessor 
with an arithmetic processor, many computational oriented applications such 
as QADS could be handled. For high performance process control and compu- 
tational oriented applications, a multiple chip bit slice processor appears 

2 

to be appropriate. I L technology could possibly be used for both the 
single chip microprocessor and arithmetic processor. The SBP 9900 processor 
is, in fact, very close to the desired hardware. Its primary drawbacks are 
its register and CRU architecture and the limitation of memory expansion 
32K words without mapping hardware. The Rockwell CMOS /SOS arithmetic and logic 
unit appears to be the most likely candidate for use in a high performance 
bit slice processor. Its primary drawback is that there is not an extensive 
selection of SOS support devices that would be needed to construct a full 
microcomputer. 

The microcomputer systems just outlined would probably be considered 
conservative development efforts. There have been many exaggerated claims 
by quasi technical observers of the semiconductor Industry that today's 
most powerful computers will one day be available on a single chip. While 
it is true that the semiconductor Industry is only in its Infancy and that 
significant I£I performance gains will be obtained, it is unlikely thol 
even moderate performance minicomputer systems on a chip will be available 



in the next few years. It should also be remembered that semiconductor 


vendors are primarily commercial oriented. Their earnings are baaed on 
sales of calculator s, digital clocks, and home video games. Without the 
proper technical guidance and financial encouragement, s emi conductor 
vendors will not produce flight -quality LSI hardware. 
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9.0 NSSC-I SOFTWARE ANALYSIS 


This section describes our software analysis for the NSSC-I based 
epacebome attitude control oystea. The GADS eleaenta which we have 
examined are described la Section 6, Micropro c essor Software Analysis. 

Timing analysis and memory ripe analysis was done for each element of 
the aystea. Data used In the analysis was assumed to be a double precision 
(36 bits) fixed point format. It was also assumed that data did not exceed 
this range and that the vide range of values of data could adequately be 
handled by scaling. The tlalng analysis draws heavily from work done by 
Computer Sciences Corporation (see reference CSC 1976 and Appendix II). These 
estimates assume a NSSC-1 cycle time of 1.25 microseconds. The memory sice 
analysis consists of both data and coda estimates. The data required are 
listed in the data table. The code estimates were determined by changing all 
macros for common routines (see CSC 1976) Into subroutines and then estimating 
the code necessary to Invoke these subroutines. 

For more Information on the algorithms used in this section, the reader 
Is referred to Sections 3 and 5. 

9.1 IRQ Software Analysis 

There are five steps required for IRU processing. The algorithms 
Involved are: data editing, rate computation, rate compensation, data 

reduction, and integration. The timing is shown in Table 9.1. Memory 
estimates are shown In Table 9.2. 

9.2 Star Tracker Software Analysts 

Thera are eight steps required for Star Tracker processing. The 
algorithms include: conversion to engineering units, synchronization to the 

IRU, compensation, data editing, convereion to inertial system, star identifi- 
cation, Kalman filter correction, and integration. 

/ <v- 
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TABLE 9-1 ESTIMATED 

IRU PROCESSING TIMES 

FOR NSSC-I COMPUTER 

ALGORITHM 

ALGORITHM PROCESSING 
TIME fcs) 

ACCUMULATIVE PROCESSING 
TIME (ms) 

Data Edit 

.378 

.378 

Rate Computation 

1.860 

2.238 

Compensation 

10.703 

12.941 

Data Reduction 

19.770 

32.711 

Integration 

11.864 

44.575 


I 


TABLE 9.2 

• BATA iTrarsi 

P1 . 1 - 1.6 
«t i - 1,6 

Aft 

At 

wx cl 1 - 1,3 
%1 1 * 1.3 

'.'V'= 

• • # 

A , B , B 


By. Uer, C a 


[h t HM _1 H ] _1 

<3 * 3) 

["h' 1 ] 

(6 x 6) 

[h 1 ] 

(3 x 6) 

C"b1 

(3 a l) 

4t/ 2 

2 

PU 

(4 x 1) 

Pi] 

(4 x l) 

Pi] 

(4 x 4) 

Pd 

(4xl) 

[«] 

(4 x 1) 

C*1 * 1] 

(4 x 1) 


IBP DATA TAv.TJ? 

HSSC-I SIZE ;» BIT WOkDBI 

12 

2 

6 

6 

6 

6 

6 

18 

72 

* 36 

6 

8 

8 

32 

8 

8 

8 
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TABLE 9.2 IRU DATA TABLE - (Continued) 


DATA MEMfS) 


NSSC-I SIZE (18 BIT WORDS) 


[<>1 + lj < 4 * 4 > 32 

[ q i + l] (A x 1) 8 


Total Data 
Code Estimate 


302 Words 
300 Words 


... . jpujwwui «< 




The timing Is shown in Table 9.3. The memory estimates are shown In 
Table 9.4. The multiple phase star tracker throughput timing la shown In 
Table 9.S. The description of each phase Is found in Microprocessor 
Software Analysis, Section 6. 

9.3 Orbit Generator and Resolver Software Analysis 

The timing analysis of these two steps are shown In Table 9.6. 

The primary factor causing large processing times for the resolver algorithms 
is the use of trigometric functions. If less accuracy were required or 
fast table lookup operations could be used, resolver processing could 
b$ significantly enhanced. Memory estimates for orbit generator and .esol"er 
processing are shown in Table 9.7. 

9.4 PADS NSSC-I System Integration 

Tables 9.8 and 9.9 suamarlze the timing and memory requirements needed 
for processing the PADS algorithms. These estimates do not include overhead 
used by any NSSC-I executive software. The largest single factor in 
memory usage Is the star catalog. This table requires 42,000 words or 82Z 
of the total memory requirement. It is suggested that the full star catalog 
be placed in a mass storage system, such as a drum or bubble memory system 
(see Section 7). 

Because the NSSC-I must perform all processes sequentially, it is 
obvious from the timing analysis summary (see Table 9.8) that it it not 
possible to execute the OADS algorithms on the NSSC-I In 50 millisecond cycles. 
The reader should consult the following section for a discussion of how a 
multiple microcomputer system could be integrated into the Multi Mission 
Spacecraft and Interfaced to the NSSC-I to provide the onboard attitude 
determination capability. 
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TABLE. 9, 3__ ESTIMATED STAR TRACKER PROCESSING TIMES FOR NSSC-I COMPUTER 


ALGORITHM 

Convere Co engineering unlCs 
Synchronize Co IRU 
Compensator 
Data Edlc 

Convert to Inertial 
Scar Identification 
Kalman Filter 
Integration 


ALGORITHM PROCESSING TIME fma) 

20.466 

4.555 

14.539 

.274 

58.546 

85.600 

196.105 

20.498 


TABLE 9.4 STAR TRACKER DATA TABLE 


DATA ITEM(S) HSSC-I SIZE (18 BIT WORM) 

V, H, Vc, He, C 10 


[W B ] (previous value held) 

(3*1) 

6 

D’bs] 

(3*1) 

6 

[s C b] 

(3*3) 

18 

Os] 

(3*i) 

9 

At 


2 

V2, V3, 112, H3, VH2, V2H, VH 

(Temporary Variables) 

14 

Tl, T2, T3, T4, T5, T6, T7, T8 

. TO 

18 

[Temperature] 

(100*10) 

2000 

[Magnetic] 

(100x10) 

2000 

[Temp Slopes] 

(100x1) 

200 

[Mag Slopes] 

(100x1) 

200 

VMAX, HMAX 

4 


N . 

(3x1) 

6 

[x C b] 

(3*3) 

18 

[b c s] 

(3x3) 

18 

[\] 

(3x1) 

6 

a . S, X2, Y2, 22 


10 

[star Cat] 

(1500x14) 

4200 

[indices] 

(360x1) 

720 


TABLE 9.4 STAR TRACKER DATA TABLE - (Continued) 


DATA ITEM(S) 

Ci c s] 

[aamat] 

DO 

H 

[pmat] 

[mmat] 

[rmat] 

'DO 

[VAR] 

[qmat] 

[DMA] 

M 

K q 

M 

TOTAL DATA 


<3*3) 

(3*3) 

(3*3) 

(3*i) 

(3*3) 

(3*3) 

(3x3) 

(3*3) 

(3*1) 

(3*3) 

(3x3) 

(1*3) 

(3x7) 



NSSC-I SI2E (18 BIT WORDS) 


18 

18 

18 

9 

18 

18 

18 

18 

6 

18 

18 

6 

2 

42 



CODE ESTIMATE 


47,522 words 
2,030 words 



I - 
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TABLE 9,5 MULTIPLE PHASE STA R TRACKER THROUGHPUT FOR N3SC-T 

PROCESSING TIME («w^ 

Phase 1 183.98 

Phase 2 - 

Single Star Tracker 314.983 

Phase 2 - 

Dual Star Tracker 609.468 



9 ESTIMATE D ORBIT GENERATOR AMD RESO LVER 

PROCESSING TIMES FOR NSSC-I COMPUTER 


PROCESSING TIME fmal 


Orbit Generator 


9.608 


Reoolver 


177.919 


Subtotal 


187.527 
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TABLE 9.7 ORBIT GENERATOR AND RESOLVER DATA TABLE 


rnA mm) 


[A] 

(3*1) 

M 

(3*1) 

M 

(3*1) 

W 

(3x1) 

[l C Lj 

(3*3) 

[f c l] 

(3x3) 

[f C b] 

(3*3) 

Roll, Yaw, Pitch, Dum 


Altitude 


Latitude 


Longitude 


TOTAL DATA 


CODE ESTIMATED 



NSSC-I SIZE (18 BIT W0RDS1 

* 

6 

6 

6 

6 

18 

18 

18 

8 

2 

2 

2 

92 WORDS 
3SO WORDS 



i 
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TABfjy. O.fl SUMMARY OP ESTIMATED PROCESSING TIMES FOR NSSC-I COMPUTER 

PROCESSING TIME (ma) 


IRU Processing 44.575 

Star Tracker - Star Identification IC3.98 

Star Tracker - Quaternion Correction 

(1 Tracker in Use) 314.983 

Star Tracker - Quaternion Correction 

(2 Trackers in Use) 609.468 

Orbit Cenerator/Resolver 187.527 


TABLE 9.9 SUMMARY OP ESTIMATED MEMORY SIZE FOR NSSC-I COMPUTER 

NSSC-I SIZE f!8 BIT WORDS T 


IRU Processing 

Data 

302 


Code 

300 

Star Tracker 

Data 

47,522 


Code 

2,030 

Orbit Cenerator/Resolver 

Data 

' 92 


Code 

350 

General Routines 

Code 

670 

TOTAL DATA 


47,888 VORDS 

TOTAL CODE 


3,350 WORDS 

TOTAL MEMORY SIZE 


51,238 WORDS 
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10.0 NSSC-I PERFORMANCE ENHANCEMENT APPROACHES 


Our analysis shaved chat 1C was not feasible Co Implement the attitude 
determination algorithms, previously described. In the NASA Standard Computer 
•1. Ve have, therefore, investigated the concept of supplementing the 
NSSC-I with microcomputer equipment. This concept' Is In complete agreement 
with the specification for MMS attitude control subsystem which suggested the 
use of a dedicated processor if It Is determined that the NSSC-I is not 
capable of supporting the total ACS computational requirements. The following 
paragraphs describe some design approaches which could be used to enhance the 
NSSC-I for use In computational oriented applications such as QADS. 

Figure 10-1 is a block diagram of the present ACS module configuration 
for the Multi Mission Spacecraft. It appears that a multiple microcomputer 
system, such as the baseline configuration described earlier, could be added 
for on-board attitude determination without a large impact. Although the 
system's physical layout has no't been examined, it may be possible to replace 
or expand the ACS Interface Assembly with the GADS microcomputer system. Such 
a configuration is shown in Figure 10-2. Functionally, the NSSC-I would be 
responsible for major data management operations such as control of the 
interface between GPS and the QADS computer and the control of the telemetry 
to and from the QADS microcomputers. It appears that the attitude control 
algorithms could be implemented on the NSSC-I or a dedicated microcomputer 
system could be assigned this task. 

Another spaceborne miczoprocessor application which is related to 
OADS Is the Instrument Telemetry Packet (ITP) concept developed hy Albert 
i\rris and Edward Greene of GSFC. Their concept .is to improve onboard data 
ri m igetrent so rh.it ground telerrtry processing functions may be made more 
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EXISTING ACS MODULE CONFIGURATION 













IRU 



ACS MODULE SUPPLEMENTED BY OADS MICROCOMPUTER SYSTEM 
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responsive to scientific investigators. ITP requires that the telemetry 
data for a single spaceborne instrument or subsystem be assembled into a 
telemetry packet containing only the data from a single instrument along 
with any required ancillary data such as spacecraft clock and possibly the 
spacecraft state and attitude vectors. The MMS data management architecture 
does not appear to be well suited to this approach since the central 
computer is not the focal point for the downlink telemetry. If such a 
configuration is considered in the future, an QADS microcomputer system 
could be conveniently incorporated into the design. Figure 10-3 Illustrates 
such a system. 

As mentioned in Section 8, we feel that microcomputers having the 
necessary characteristics for the QADS spaceborne environment do not 
presently exist. Although construction of such devices are well within 
the state of the art, it could very well require three or more years 
before flight quality hardware was ready. It, therefore, appeared judicious 
to Investigate what short-term solutions exist for improving the NSSC-I 
performance to the point where it could handle applications such as QADS. 
Figure 10-4 shows an NSSC-I computer interfaced to an arithmetic processing 
unit. The APU could be constructed using bipolar bit slice processors such 
as the AMD 2900 series. These devices are very fast and radiation hardened 
to over 10^ Rad (Si). The bipolar bit slice processors are very power 
consumptive devices and if an entire spaceborne computer were built around 
these devices, power requirements could be too great. By limiting their 
use to the arithmetic processing function, this drawback is tolerable. It 
tppoars that the bipolar bit slice processor would require approximately 40 
to 50 watts but could be powered down when not in use. Floating point adds 
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would require five to a 1 a microseconds and floating point multiplies could 
be eccomollshed 4« 13 to 20 microseconds depending on normalization and 
precision. Using these performance numbers, it was determined that the IRU 
algorithms could be processed in eleven milliseconds, which Is four times 
the performance of the NSSC-I computer by itself. If trlgometrlc functions 
are placed in microcode, even greater performance benefits could be obtained 
for star tracker and resolver processing. 

It may be possible to Interface the bipolar APU to the NSSC-I in a 
number of different ways. The most attractive manner, because of its 
simplicity, is the use of an external register file. The NSSC-I could 
load or read operand registers using it**. standard input and output 
facilities. It would also load an opcode register which informs the APU 
what function is to be performed Upon completion of the operation, the 
APU loads the status register for the NSSC-I. 

Should NASA decide to postpone usage of stand-alone microprocessors 
until more desirable devices are available, the bipolar APU appears to be a 
reasonable- interim solution. 


I 
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11.0 PADS TESTING. OPERATIONAL UPDATE REQUIREMENTS AND POST LAUNCH VERIFICATION 


11.1 Testing Requirements 

In order to insure the success of the MMS mission using OADS, 
performance testing is vitally important. The OADS testing shall contain 
two levels: 

• Hardware component testing under the MMS environment 

• Overall OADS system closed- loop testing 

The testing requirements of these two test levels are discussed in the 
following paragraphs. 

11.1.1 Hardware Components 

The study results presented in this report indicated that the NASA 
Standard IMU (DRIRU-II). NASA Standard tracker (SST), GPS, and micro- 
processors ate recoBsssnded for the on-board attitude determination 
system. To insure performance, each hardware unit of the OADS syatem 
must be fully tested. 

NASA Standard IMU (DRIRU-II ) - Testing procedure and facility 
proposed by Teledyne Teledyne, 1 is sufficient to verify the DRIRU-II 
system specification. Additional emphasis should be placed on the MMS 
environment and requirements. The error parameters of scale factor, 
spin axis orthogonality, misalignment and bias are crucial to the MMS 
mission success fulness and, therefore, should be verified carefully. 

The on-board rate compensator accuracy should be fully investigated 
of its orior reduction r.ip.toi lit v. 

NASA St.ind ir d Stir Tr ichor (SST ) - Testing procedure ind Inclllty 
l*i ('I'i'm' ! I* '* i ! ' '■••*'(! i • *i!lt <.tent t o \<rl‘' the S - i ••.•rl ■•tr.inco. 

Additional emphasis should be placed on the star signal acquisition 


I 




V 


and accuracy when the tracker is operating under the MM S orbital 
rate, and the V, H readout compensator due to temperature, magnetic 
field and star intensity variation of the MMS missions. 

GPS - The testing of the GPS Reeciver/Processor Assembly with 
GADS consists of testing and interface between the GPS Receiver/ 
Processor Assembly and GADS and investigating the accuracy of the 
onboard orbit propagator. Once the receiver is integrated with GADS, 
the onboard orbit propagator accuracy can be investigated on the 
ground using real GFS data. 

Microprocessor - Testing of the microprocessor is discussed in 
Section 8.1 

11.1.2 GADS closed- loop syste m 

V-' 1 

A complete GADS closed loop* system testing is recommended to test 
the interface among QADS components, da^a processing, and system 
capability under MMS operational environment. An overall GADS testing 
set up flow diagram, shown in Figure 11.1, is suggested. A major 
portion of this breadboard will be completed in the later part of 
1978 and ready for system testing in 1979 by Martin Marietta Aerospace 
for another spacecraft application. With minimum modification, this 
breadboard can immediately be used for GADS overall system testing. 

11.2 Operational Update Requirements 

The operational update requirements of QADS can be separated into 
two categories; the onboard system update and the ground operational update. 
The preliminary onboard update requirements were discussed in Section 5 
-j.scd upon the study results of the U\DS performance of various MMS missions. 
]*ie ra jor uVite requirements arc summarized in the following table. 
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FIGURE 11-1 TESTING PROCEDURE FLOW DIAGRAM 
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TABLE 11.1 MAJOR ON-BOARD SYSTEM OPERATIONAL UPDATE REQUIREMENTS 


FUNCTIONS 
IMU Sample Rate 

Strapdovn Integrator Sample Rate 
Star Tracker readout sample rate 
Filter processor rate 
IMU updat ' from star trackers 

Earth mission - nadir pointing 

- 5° /min maneuver 

- 2° /sec maneuver 
Stellar mission 

Solar mission 

CPS Orbit information update rate 
Internal orbit propagator update rate 


TIME INTERVAL BETWEEN UPDATE (sec) 

0.05 

0.05 

0.20 

0.2 


1200.0 

400.0 

28.0 

2150.0 

2130.0 
6.0 
1.0 



1 ’ -*» 



Because of Che on-board autonomous attitude determination and 
orbit Information system concept for the OADS , the ground operational 
update requirement should be minimized. When a ground update is necessary 
because of the on-board storage problem or system degeneration, the update 
Interval should be long such that it will not lose the meaning of on-board 
autonomous systems. Vhe OADS system should have the capability of updating 
the data base parameters on the ground and uplinking to the spacecraft on- 
board system processors. There are tvo major items required for periodic 
updates from the ground station. One is the update of IMU error parameters 
and the star tracker boresight axis misalignments. This will be discussed 
in the next subsection. For the time being, it is felt that those error 
parameters should be updated depending upon the mission ruggedness (for 
instance, how frequent the spacecraft is in and out of the earth shadow, 
how much environmental vibration occurs due to VCS burn, how tight is the 
onboard system temperature control, etc). This update frequency can be 
varied from a few days to one month, and further study should be conducted 
when more mission phase knowledge is available. The other sets of Information 
which require periodic update is Che on-board star catalog, if the annual 
mean motion cannot be included due to the restriction of space. By using 
+S.0 visual magnitude and brighter stars, for example, if we do not Include 
the mean motion parameters, then the star catalog needs to be updated every 
six months to keep the star position error less than 3 arc seconds. If the 
mean mot Jen parameters for each star is Included, then this periodic update 
procedure c.ir ho noo looted. 
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11.3 Post Launch Verification 


the CUDS requires knowledge of the form and magnitude cf specific 
error contributions to provide precise attitude information to the mission 
phase. The ground preflight testing and calibration of the sensors can 
^provide initial values, but extended operations can result in long-term 
variations in the parameters. To maintain the precision of the system, some 
means of post launch verification, such as on-orblt calibration of critical 
error sources in IMU, star trackers, GPS systems Is required. Methods 
have been developed Headley, 1 to provide the on-orbit calibration of 
individual gyro scale factor, bias drift, gyro-to-gyro misalignment , and 

✓ 

star tracker to IMU misalignments. Specific spacecraft maneuver sequences 
are required for the collection of most calibration data. Using ground 
computational facilities as mentioned in 11.2, the data Is reduced to 
provide refined compensation coefficients. The GPS receiver data can be 
telemetered to the ground station to comoare with the tracking data processed 
by the ground computer. By periodically resolving and updating the error 
parameters of each GADS components, the QADS accuracy can be maintained through 
out the mission period. 


12.0 RECOMMENDATIONS FOR FUTURE INVESTIGATIONS 


In the course of this study, several system design alternatives 

presented themselves. We would, therefore, 1-ke to describe to CSPE topics 

* 

which we feel are of special interest but were not Included In the Statement 
of Work. The following paragraphs highlight four areas concerning OADS Instru- 
mentation and processing alternatives which should be considered in future 
investigations. 

12.1 Control Law Processing 

The proposed GADS concept provides attitude Information as a function of 
time to be derived on-board and made available as downlink data to the payload 
user. A natural follow-on, or subset, to the proposed OADS concept would be 
to modify the existing OADS algorithms to generate spacecraft attitude and 
attitude rate error signals. These signals would be used to drive the associated 
control laws which would be incorporated In the OADS multiple microcomputers. 

In the case of the MK5, this would off-load the control lew processing burden 
presently being accomplished in the NSSC-I computer, thus allowing the NSSC-I 
computer to be used for additional processing and/or switching functions for 
scientific payloads. To make this realizable on a multiple microcomputer system, 
flight quality LSI hardware would have to be developed. Since this may take 
several years, we suggest that GSFC consider the bipolar arithmetic processing 
unit approach outlined in the following recommendation p ragraphs. 

12.2 NSSC-I and Bipolar Arithmetic Processing Unit 

Section 11 described several approaches for enhancing the performance of 
spacecraft tv-tro-s which (tic the N’ccr-r. One of the approaches outlined is to 
supplement the NSSO.-l with a bipolar arithmetic processing unit. This concept 
h t*» tiV’c.'tl ad*. jnia.,c*t , however, the most li portant feature is that such a 
hlqh performance system could be developed In a very short period of time. 
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Also important is the fact that such a configuration could be utilised . 
in a number of different spaceborne processing applications and not just 
OADS. Since it may be several years before high performance flight 
quallfiable microprocessor hardware is available, we feel that the 
development of an NSSC-I/bipolar APU would be the most direct mechanism 
for improving spaceborne processing systems. 

12.3 Replacement of the SST with the CCD Star Tracker 

As mentioned in Section 4. 2. 2. 3, the CCD unit currently being 
developed has certain advantages which make it a prime alternative to the 
Standard Star Tracker for MMS OADS missions. The advantages of the CCD 
unit over the SST are: 

e The CCD has a self contained heating unit and is Insensitive 

to magnetic field intensity variations. The on-board temperature 
and magnetic compensation algorithms used with the SST for better 
accuracy can be completely omitted for the CCD unit. This 



results in a significant reduction in star tracker update software. 

• Use of the star field brightness map in the CCD 8° x 8° field of 
view can significantly reduce the star identification software. 
Furthermore, the probability of false or ambiguous star identification 
can be reduced and hence, star tracker update accuracy can be 
improved. 

e The CCD's self contained microprocessor can be programmed to 
simplify the user supplied data editing and synchronization 


processor. 

Thus, the CCD unit, which is considered to be the next generation of star 
ft.icl.cr, can not only provide bcfcer accuracy but also simplify the OADS 

’* twit re Tt has the sn-e d’.n.tric ran^e and f f • Id of view as the standard 

/ ’ ’/ 

12-2 




u. 


scar Cracker and, therefore, can be used in Che same manner as Che 
SST in MMS missions. 

12.4 Replacement of Star Tracker with Landmark Tracking System 

Attitude determination for Earth viewing satellites; e.g. , LAND SAT, 
-SEASAT, requires accuracies consistent with the Imagery devices (e.g., 
Mulcispectral Scanner). Star tracker systems, in general, are not accurate 
enough due to sensor inaccuracies, misalignments, and Che difference between 
Che Earth image sensors and the star system. A possible solution to the 
above problem is to replace or supplement the star tracker with a landmark 
tracker as a source of attitude information. Studies Qtartin Marietta, 
have shown from temporal registration of images; i.e. , pixel, that attitude 
accuracy of 7 arc-sec (14 M on Earth surface - 2<r)- can be achieved for a 
LANPSAT type orbit. The star tracker system, at best, can achieve 14.4 arc- 
sec (30 M on Earth surface - la) accuracy. 

Currently, one of Che major data processing log Jama in the processing 
of Earth resou ce-type data is the necessity for calibration, correction and 
reformating of .irbit, attitude end scientific image daca by ground facilities 
before it is available for recognition processing. Pre-processing this data 
on-board the spacecrslt In real time would provide a significant reduction In 
the cost of processing Earth resource-type data as well aa reducing the end- 
to-end processing time. Once the daca is processed on-board, a direct link 
to the user of attitude, orbit, and image data could be established creating 
a real-time system. 

Areas of studv for a landTvark 0\0S concept are: 

e Landmark tracker configuration interfaces with the NSSC-I, micro- 
processors a - vl a NMjC-I Microprocessor h/brld s/stem. 
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• Landmark/star tracker combination configuration trade study 
for attitude determination. 

« Landmark OADS configuration using the landmark tracker for both 
attitude and orbit determination. 

• Processing algorithms and hardware configuration for the landmark 
OADS concept. 

o A computer simulation study of the landmark OADS concept. 



APPENDIX I 


MICROPROCESSOR SPECIFICATIONS 
DISCLAIMER 


The microprocessor description material contained In this appendix 
has been reproduced from literature supplied by various vendors with their 
permission. This information is supplied for the sole purpose of giving the 
reader greater insight into the LSI devices discussed in the text of this 
report. This information is NOT to be used as a detailed device specification 

r t s 

Detailed device specifications ms/ be obtained by directly contacting the 
vendors whose addresses are listed at the end of this section. 


j 


r,j 

i-i 


togOgOA 



The 8080 microprocessor first produced by Intel Corporation is now 

available from a number of different semiconductor vendors. The following 

•» 

data sheet describes the Am908QA microprocessor produced by Advanced Micro 
Devices. This device is functionally equivalent to the Intel 8080 microprocessor. 
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Of POOR QUAUT1 


Distinctive Characteristics 


© Plug-in replacements for 8080A, 8030A-1, 8080A-2 
© High-speed version with Ipsec instruction cycle 
© Military temperature range operation to I.Spsec 



8-flit Microprocessor 
Advanced Micro Devices 
Advanced MOS/LSI 

• Ion-implanted, n-channel, silicon gate MOS technology 
© 3.2mA of output drive at 0.4V (two full TTL leads) 

© 700mV of high, 400mV of low level noise immunity 

• 820mW maximum power dissipation at :5% power 

• 100% reliability assurance testing to MIL STD-883 



GENERAL DESCRIPTION 

The Am9080A products are complete, general-purpose, single- 
chip digital processors. They are fixed instruction set, parallel. 
8 bit units fabricated with Advanced N-Channel Silicon Gate 
MOS technology When combined with external memory and 
peripheral devices, powerful microcomputer systems are 
formed. The Am9080A may be used to perform a wide variety 
of operations, ranging from complex arithmetic calculations to 
character handling to bit control. Several versions are available 
offering a range of performance options 

The processor has a 16 bit address bus that may be used to 
directly address up to 64K bytes of memory The memory 
may be any combination of read/write and read only Data 
are transferred into or out of the processor on a bi-directional 
8-bit data bus that is separate from the address lines. The data 
bus transfers instructions, data and status information between 
system devices All trans‘er> are handled using asynchronous 
handshaking controls so that any speed memory or I/O device 
are easily accommodated. 


An accumulator plus six general purpose reg.sters are available 
to the programmer. The six registers are each 8 bits long and 
may be used singly or in pairs for both 8 and 16 bit operations. 
The accumulator forms the primary working register and is the 
destination for many of the arithmetic and logic operations." 

A general purpose puv.-down stack is an important part ot th« 
processor architecture The contents of tne stack reside in R/W 
memory and the control.logic, including a 16 bit stac*" pointer, 
is located on the processor chip. SuDroutine call and return 
instructions automatically use the stack to store and retrieve 
the contents of the program counter Push and Pop instruc- 
tions allow direct use of the stack for storing operands, passing 
parameters and saving the rr achine state 

An asynchronous vectored interrupt capaHiiy is included to 
allow external signals to modify the instruct.on stream. The 
interrupting device may specify an interrupt instruction to he 
executea and may thus vector the piogram to a iurtuiil.ii 
service location, or perform some other direct function Dim i 
memory access (DMA) capability is also included. 
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INTERFACE SIGNAL DESCRIPTION 


The Clock inputs provide basic timing generation for 
all internal operations They are non overlapping 
two phase, high level signals All othei inputs to the 
processor are TTL compatible 

The Reset input initializes the processor by clearing 
the program counter, the instruction register the 
interrupt enable (lip-flop and the hold acknowledge 
flip-flop. The Reset signal should be active for at 
least three clock periods The general registers are 
not cleared 

The Hold input allows an external signal to cause the 
processor to relinquish control over the address lines 
and the data bus When Hold goes active the pro 
cessor completes its current operation, activates 
tlv Hlt'a output, and puts the 3 state address and 
data lines into their high impedance state The 
Holding device can then utilize the address and data 
push. s without interference 

Tn. R ji|, input synehiom/es the piece - >or with 
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handled efficiently with the vectored interrupt pro 
cedure and the general purpose stack Interrupt 
processing is described ir. more detail on the next 
page 

D0-O7 The Data Bus is comprised of 8 bidirectional signal 
lines for transferring data, mstiuctions and status 
information' between the processor and all external 
units 

A0-A15 The Address Bus is comprised of !6 output signal 
lines used to addiess memory and peripheral devices 

SYNC The Sync output indicates the stait of each pto 
cessor cycle and the presence of pioccssm status 
information on the data bus 

DBIN The Data Bus In output signal indicates that the 
bidirectional data bus is in the 1np.1l mode and 
incoming data may be gated onto the Data flux 

WAIT The Wait output indicates that the piocexiut lu> 
entered the Wait state and is pieptied in uieii 
a Ready from the current external opeiation 

WR The Wine output indicate* the validity of output on 
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INSTRUCTION SET INTRODUCTION 

The instructions executed by the Am9080A t r e variable length 
and may be one. two or three bytes long. The length is deter- 
mined by the nature of the operation being performed and 
the addressing mode be ng used 

The instruction summary shows the number of successive 
memory bytes occupied by each instruction, the number of 
dock cycles required for the execution of the instruction, 
the binary coding of the first byw of each instruction, the 
mremomc coding used by assemblers and a brief description 
of each operation Some branch type instructions have two 
execution times depending on whether the conditional branch 
it taken or not Some fields in the binary code are labeled 
with alphabetic abbreviations That shown as wv is the address 
pointer used in the one byte Call instruction (RST) Those 
shown as ddd or sts designate destination and source register 
fields that may be filled as follows 

111 A register 

000 B reg-ster 

031 C register 

010 0 register 

011 E register 

100 H register 

101 L register 

110 Memory 

The register diagram shows the internal registers th< t are 
directly available to the programmer. The accumulator is the 
primary working register for the processor and i* a spec*fied 
or implied operand m many instructions All I/O operations 
take place via the accumulator Registers H, L. 0, E, B and C " 
mav be used singly or in the indicated pairs The H and L pair 
is the imp’ied address pointer for many instructions 
The Flag register stores the program status bits used by the 
conditional branch instructions carry, zero, sign and parity 
The fifth flag bit is the intermediate carry bit The flags and 
the accumulator can be stored on or retrieved from the stack 
with & single instruction. Bit positions in the flag register when 
pushed onto the stack (PUSH PSW) are 
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where S ■ sign, Z * zero, CY1 ■ intermediate carry. P ■ parity, 
CY2 ° carry 


REGISTER DIAGRAM 



During Sync time at the. beginning of each instruction cycle 
me data bus contains operation staut information that 
desmbet the machine cycle being executed. Positions for the 
status bits are. 
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"TATUS DEFINITION:. 

INTA Interrupt Acknowledge. Occurs in response to an 
Interrupt input and indicates that the processor will 
be ready for an mtenupt instruction on the data bus 
when OBIN goes tiue 

WO Write or Output indicated when signal is low When 
high, a Read or Input will occur 
STK Stack indicates that the content ol the ttack pointer 
is on the address bus. 

HLTA Halt Acknowledge 
OUT Output instruction,'* being executed 
Ml First instruction byte is being fetched 
INP Input instruction is being executed 
MEMR Memory Read operation. 


INTERRUPT PROCESSING 

When the processor interrupt mechanism is enabled (INTE « 1 ), 
interrupt signals from external devices will be recognized 
unless the processor is in the Hold State In handling an :"ter 
rupt, the processor will complete the execution of the c incut 
instruction, disable further interrupts and respond with INTA 
status instead of executing the next sequential instruction in 
the interrupted program. 

The interrupting device should supply an mstructioi opcode 
to the processor during the next DBIN time after INTA stains 
appears. 

Any opcode may be used except XTHL If the instruction 
supplied is a single byte instruction, it will be executed (The 
usual single byte mstiuction utilized is RST I If the inter 
rupt instruction is two or three bytes long, the next one or i 
two processor cycles, as indicated by the DBIN signal, should 
be used bv the external device to supply the succeeding byte(s) 
of the interrupt instruction. Note that INTA status from the 
processor is not present during these operations 

If the interrupt instruction is not some form of CALL, it is 
executed normally by the processor except that the Program 
Counter is not increment'-.! The next instruction in the 1 
interrupted p-ugram is soon tetchol ami executed Notice 
that the interrupt mechanism must be re enabled by the i 
processor before another interrupt can occ ir I 

If the interrupt instru. me is vuie* lorm < f I. it is . %-r 
uled normally The Piujrani Counter is sto.cd and control 
transferred to ihe interrupt service subroutm Tins routine 1 
has responsibility foi saving and restonnq the machine slate ’ 
and for reenaHircj interrupts d desired When the interrupt 
service is co'rp'cte a RETURN mstr j.-non will tiansfer 
control back to the interrupted | rnqram 
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INSTRUCTION SET SUMMARY 
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MAXIMUM RATINGS (Above which useful life may be impaired) 


Storage Temperature 


-65*C to * 150“ 

"AmVieftf^emperatfift’QndjUjBias 

- 

— S5*C to ♦125“ 

All Signal Voltages W.th Respect to Vgg 

" 

-0.3 V to *20 

All Supply Voltages With Respect to Vgg 


-0.3V to +20 

Power Dissipation 


151 


The products described by this specification include internal circuitry designed to protect input devices from damaging accumulations o 
static charge It is suggested nevertheless, that conventional precautions be observed during storage, handling and use in order to avou 
exposure to excessive voltages. , • 


OPERATING RANGE 
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ELECTRICAL CHARACTERISTICS over operating range {note 1) 
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The following data eheet describee Che Am9511 arlchoaclc processing 
unit produced by Advanced Micro Devices. The vendor ie presently 
sampling the unit end is expected to be in full production later this 
year. 

"Copyright c 1977, by Advanced Micro Devices, Znc. All Rights 
Reserved. Reproduced with the permission of Advanced Micro Devices, Inc." 
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PRELIMINARY INFORMATION 


Arithmetic Processing Unit yi 
Advanced Micro Devices f 
Advanced MOS/LSI i 


DISTINCTIVE CHARACTERISTICS 

• Fixed point single and double precision (16/32 bit) 

• Floating point single precision (32 bit) 

• Binary data 'ormats 

• Add, Subtract, Multiply and Divide 

• Trigonometric and inverse trigonometric functions 

• Square roots, logarithms, exponentiation 

• Float to fixed and fixed to float conversions 

• Stack oriented operand storaqe 

• Oirect memory access or programmed I/O data transfers 

• End of execution signal 

• General puipose 8 bit data bus interface 

• Standard 24 pm package 

• +12 volt and *5 volt power supplies 

• Advanced N-channel silicon gate VOS technology 

• 100°6 MIL STD 883 rc'iability assurance testing 


GENERAL DESCRIPTION 

The Am951 1 Arithmetic Processing Unit (APU) isamunolitiuc 
MOS LSI device that prevides high performance fixed and 
floating point arithmetic and floating point trigonometric 
operations. It may be used to enhance the mathematical capj 
bility of a wide variety of processor -oriented systems. Chcby 
shev polynomials ore used in the implementation of the APU 
algorithms 

All transfers, including operand, result, status and command 
information, take place over an 8-bit bidirectional data bus 
Operands are pushed onto an internal stack and commands air 
issued to perloim operations on the data m the stack Results 
are then available to be retrieved horn the stack 
Transfers to jnd from the APU nuy be handled hy the assuci 
ated processor using conventional ptotirammcd I/O, or may ho 
handled by a direct memory access coutrullrr for impi ovist 
performance Upon completion of <-adi command, lln> API) 
issues an end of execution signal that may lie used js an hi 
terrupt by the CPU to help cooidmate pingiam execution 
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INTERFACE SIGNAL DESCRIPTION 


VCC: ♦5 Volt power supply 
D: +12 Volt power supply 
Ground 

CLK (Clock, Input) 

An external. TTL compatible, timing source it applied to the 
CLK pm. 

RS'iET (Reset, Input) 

The active high reset signal provides initialisation (or the chip. 
RESET also terminates any operation in progress. RESET 
clears the status register and places the Am9511 into the idle 
state Stack contents and command registers are not affected. 

CS (Chip Select, Input) 

CS is an active low input signal wnich selects the Am951 1 and 
enables communication with the data but. 

C/5 (Command/Data, Input) 

In conjunction with the RD and WR signals, the C/D control 
line establishes the type o( communication that is to be per* 
formed with the Am951 1 as shown below 


RD 

WR 

Function 

1 

0 

Enter data byte into stack 

0 

1 

Read data byta from stack 

1 

0 

Enter command 

0 

1 

Read status 


P i (Read, Input) 

is active low input indicates that data or status it to be read 
from the Am951 1 if CS is low. 

VVR (Write, Input) 

This active low input indicates that data or a command it to be 
written into the Am951 1 if CS is low. 


EACK (End Acknowledge. Input) 

This a ctive low in put clears the end of execution output signal 
' (£n5). If SACK is tied low, the END output will be a pulse 
that it one clock wide. 

SVACK (Service Acknowledge, Input) 

This active low input dears the service request output (SV RED). 
END (End Executio-, Output) 

This active low, open-drain output indicates that execution of 
the previously entered command is com plete It can be used as 
an interrupt request and is cleared by EACK, RESET or any 
read or write access to the Am951 1 

SVREQ (Service Request, Output) 

This active h.gh output signal indicates that command exe- 
cution is complete and that post execution service was re 
quested m the previous command byte It is cleared by SVACK, 
the next command output tc the device, or by RESET 

PAUSE (Pause, Output) 

This active low output indicates that the Am9511 is unable to 
accept communication with the date bus When an attempt is 
made to read data, write data or to pnter a new c ommand 
while the Am9S1 1 is executing a command. PAUSE goes low 
until execution of the current command is complete (See 
Pause Operation, p 5) 

DBO-OB7 (Bidirect.snal Date But, I/O) 

These eight bidirectional lines provide for transfer of com- 
mands. status and data between the Am951 1 and the CPU 
The Am951 1 can drive the data bus only when CS and RD 
are low. 


COMMAND STRUCTURE 

Each command entered into the Am951 1 consists of a single 
8 bit byte having the format illustrated below 
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i up sisr.it rixtcj 


.OVlPat'IN 

coot 


bn. 0 4 select the operVion to be performed as shown in the 
■ . Flits S 0 v lect thrdata format Jpptopna'c to the selected 

, limn II hit S is a 1. a nxed point data format is specified 


If bit 5 is a 0. floating point format is specified Bit 6 selects 
the precision ol the data to be operated upon by fixed point 
commands only (d bn 5 » 0, bit 6 must be 01 If bit 6 is a 1 

I'lo 1 - Itfi-'lV HI 110 lull <l| 1 ini)s lie liiin.il It tn* 0 IS :0 
double pn Ci.ion Ij 2 lull 0 ( 1 . Ij. 1 , 1 , jo until alut Results an- 
undefined tot a>! itk'|.il coinlnn ii.on. i«t "pits et the tninmand 
byte Bit 7 indicates whether a service request is to be issued 
jt*- r li •• r ii -s* * i* l i • « -• n'-il I’ o t / it i I tin s> i on li- 
quet l output 1'i.blQl Will go log-i dt li.e ktimlusion Ol the 
command and will remain high until reset bv a low level on the 
serv ce acknowledi^ pm (SVACK I or until r-impletior of 
cution ol the succeeding command wfv-ie sctvice request 
(lot 71 is 0 fc.K h command i-.tued to the Am951 1 requests post 
execution semee lia-.i -I upon the slaie ol bit 7 m the com 
mjr.d byte When bit 7 is a 0 SVR t O n mams inv» 



Command 

(Mnemonic 


Command Description (II 








FIXED POINT SINGLE PRECISION 


Adds TOS to NOS Retuli 10 NOS Pop Stack 
Subtracts TOS from NOS Reuilt to NOS Pop Stack 
Multiplies NOS by TOS Remit to NOS Pop Stack 
Divides NOS by TOS Remit to NOS Top Stack 

FIXED POINT DOUBLE PRECISION 


AGO Add* TOS to NOS Remit to NOS Pop Stack 
SUB Subtracts TOS from NOS Remit to NOS Pop Stack 

MUL Multiplies NOS by TOS Result to NOS Pop Stack 

DIV Divides NOS by TOS Remit to NOS Pop Stack 


FLOATINGPOINT 


Adds TOS to NOS Result to NOS Pop Stack 
Subtracts TOS Irom NOS Remit to NOS Pop Stuck 
Multiplies NOS by TOS Result to NOS Pop Stack 
Divides NOS by TOS Result to NOS Pop Stack 


DERIVED FLOATING POINT FUNCTIONS (21 


Square Root ol TOS Result m TOS 
Sine of TOS Result in TOS 
Cosme ol TOS Result m TOS 
Tangent ol TOS Result in TOS 
Inverse Sine ut TOS Result m TOS 
Inverse Cosine ol TOS Result ir TOS 
Inverse Tangent cl TOS Resui< in TOS 
Common Logarithm (base 101 ol TOS Remit in TOS 
Natural Logarithm (base el ol TOS Result in TOS 
Eaponential le*) ol TOS Remit in TOS 
NOS raised to the power m TOS Result to NOS Pop Slack 


OATA MANIPULATION COMMANDS 13) 

3 0 0 0 0 0 0 NOP No Operation 

J 0 1 I 1 ’ 1 FIXS Converts TOS Irom floating point to tingle precision liaed point lormnl 

3 0 11110 FlXO Converts TOS Irom floating point to double precision (land point lormai 

3 0 1110 1 FLTS Converts TOS Irom single precision fixed po-ni to llnating point format 

3 0 1 1 1 0 0 FLTO Converts TOS Irom double precision fixed point to floating point formal 

I 1 1 0 1 0 0 CHSS Changes sign of single precision fixed point operand on TOS 

3 1 10 10 0 CHSO Changes sign of double precision lixed point operand on TOS 

3 0 10 10 1 CHSF Changes s>gn ol floating point operand on TOS 

1110 111 PTOS Push single precision fixed point operand on TOS tu NOS- 

3 110 111 PTOO Push double precision fixed point operand on TOS to NOS 

3 0 10 1 1 1 PTOF Push floating point operand on TOS to NOS 

II 110 0 0 POPS Pop single precision fixed point operand Irom TOS NOS becomes TOS 

3 1 1 1 0 0 0 POPO Pop double precision fixed point operand Irom TOS NOS becomes TOS 

3 0 1 1 0 0 0 POPF Pop floating point operand from TOS NOS becomes TOS I 

>1110 0 1 XCHS Exchanqe single precision fixed point operands TOS ir»t NOS 

0 1 1 1 0 0, 1 XCHO Exchange double precision fixed point ope'ands TOS and NOS 

3 0 1 1 0 0 1 XCMF Exchange floating point operands TOS and NOS 

0 0 1 1 0 1 0 PUPI Push floating point constant n" onto TOS Previou s TOS becomes NOS 

NOMENCLATURE TOS >t Top 01 Slack NOS <s Next On Slack 

All derived Hooting poms functions destroy the contents ut the stack Only the remit can be counted on in In valid u|n>n rninmon.l 
completion 

f nr mat conversion com hands (FIXS. FlXO FLTS. FLTDI retjuire that llnating point data format In spit died I. nmm.mi* tills b mdti 
must tie 01 
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OATA FORMATS 

The Am9511 arithmetic processing unit handles operands in 
Ti'acu Hu-nt and floating point formats. Fixed point 
^fh-rands may be represented in either single (16-bit operandsl 
^^double precision (32 bit operands), and are always repre- 
sented at binary, two's complement values. 

SINGLE PRECISION FIXFO POINT FORMAT 


OOUBLE PRECISION FIXED POINT FORMAT 


wide, and the mantisa is fiva digits, a range of values (positive 
or negative) from 1 .0000 X t0 _ 89 to 9 9999 X 10 + ®® can 
be accommodated. The loss is that only the significant digit* 
of the value can be represented. Thus there is no distinction in 
this representation between the values 123451 and 1234S2. 
for example, since each would be expressed at 1.2345 X 10® 
The sixth digit hat been discarded In most applications where 
the dynamic range of values to be represented it laige. the loss 
of significance, and hence accuracy of results, is a minor con 
sideration. For greater precision a fixed point format could be 
chosen, although with a lost of potential dynamic range 

The Am951 1 is a binary arithmetic processor and requires that 
floating point data be represented by a fractional mantissa 
value between 5 and 1 multiplied by 2 raised loan appropriate 
power. This it expressed as follows 

value ■ mar.titsa X 2 e *P° nen t 

For example, the value 100 5 expressed in this form is 0 1100 
1001 X 2 7 The decimal equivalent ol this value may be com- 
puted by summing the components (powers of two) of the 
mantissa and then multiplying by die exponent at shown 
below: 


The sign (positive or negative) of the operand is located m the 
most significant bit (MSB) Positive values are represented by a 
sign bit of aero (S = 0) Negative values are represented by the 
two's complement of the corresponding positive value with a 
sign bit equal to 1 (S - 1) The range of values that may be 
accommodated by each of these formats is -32,760 to +32.767 
for single precision and -2,14.- ,483.648 to +2,147.483.647 
for double precision 

^fqpating point binary values are represented in a format that 

?K?rmits arithmetic to be performed in a fashion analogous to 
operations with decimal values expressed in scientific notation 
(5 83 X 102 ) (8 16 X 10 ') ° (4 75728 X If*) 

In the decimal system, data may be expressed as values between 
0 and 10 times 10 raised to a power that effectively shirts the 
implied decimal po.nt right or left the number of places neces- 
sary to express -.he result in conventional form (c g , 47,572 8) 
The value portion of the data is called the mantissa The ex- 
ponent may oe either negative or positive. 

The concept of floating oomt notation has both a gain and a 
loss associated with it The gain is the ability to represent the 
significant digits of data with values spanning a large dynamic 
range limited only by the capacity of the exponent field For 
example, m decimal notation if the exponent field is two digits 


value » (2-1 + 2-2 + 2~® ♦ 2~S) X 2 7 

- 0 5 ♦ 0 25 + 0.03125 + 0.00290625) X 128 

* -0.78515625X 128 

- 100 5 


FLOATING POINT FORMAT 

The format for floating point values in the Am9511 is given 
below. The mantissa is expressed as a 24 bit (fractional! value, 
the exponent is expressed as a two's complement 7-bit value 
having a range of -64 to +63. The most significant bit is the 
sign of tne mantissa (0 ° positive, 1 *> negative), 'or a total of 
32 bits. The binary point is assumed to be to the left of the 
most significant mantissa bit (bit 23) All floating point data 
values must be normalized Bit 23 must Ire equal to 1. except 
for the value zero, which is represented by all zeros 


The range of values that can be represented m this format is 
t (2 7 X 10-20 to 9 2 X 10>8) and zero 
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FUNCTIONAL DESCRIPTION 
Stack Control 

Yh e user interface to the Am95l 1 mdudet access to an 8 level 
16-bit wide data stack. Since single precision fixed point oper- 
ands are 16-bits in length, eight such values may be maintained 
in the stack When using double precision fixed point or floating 
point formats four values may be stored. The stack in these 
two configurations can be visualized as shown below 
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Data are written onto the stack, eight bits at a time, in the 
order shown |B1, B2. S3 I Data are removed from the 
stack m reverse byte order (BO, B7, B6 I Data should be 
entered onto the ttack in multiples of the number of bytes 
appropriate to the chosen data format. 

Oata Entry 

Data entry is accomplished _by bringing the ch'p select ICS), 
the c jmmand/data line (C/D), and VI H low, as shown in the 
timing diagram The entry of each new data word "pushes 
down" the previously entered data and places the new byte u' 
the top of stack (TOS) Data on the bottom of the stack prior 
to a stack entry are lost 

Data Removal 

Data are removed from the stack inthe Am951 1 by bringing 
chip select (CS). command/data (C/D), and RB low as shown 
in the timing diagram The removal of each data word redefines 
TOS so that the next successive byte to be removed becomes 
TOS Oata removed from the stack rotates to the bottom of 
the stack. . - 

Commend Entry 

After the appiopriate number of bytes of oats have been en- 
tered onto the stack, a command may be issued to perform sn 
operation on that dai a Commands which require two oper- 
ands for execution (eg. -rdd) operate on the TOS and NOS 
values Single operand commands operate only on the TOS 

Commands are issued to the Am95l 1 by bringing ihe chip se- 
t-ct *C5l tm< low Command data 1C S' line high a id WR line 

i low as indicated by me timing diaqu.n After a command is 
issued, the CPU can continue execution of ns program concur- 
rently with the Am95‘.1 command execution 

Command Completion 

j The Am951l signals the completion of eac h com mand exe 
I cution by lowering the End Execution line (END) Simultan- 
I rotislv. the busy bit in the status register is clejred anu the 
j Servce Request bit of the command register is check Pd If it 
■ is * 1" th» service request output level (SVREQI is ijisi-d 

_ _ . ^ 41 i la i,' . • j » aC * i . i. lo». fc< '! » • d (e 

l •«( * Siine iily Mi si rvn.e n quest Inn •* cl- 

i- • a ,'iition of an active low Service AcMtuwIcbjv ISVAUM 


1. A previously initiated operation is in progress (device buss 
and Com mend Entry has been attempted In this case, th 
PAUSE lino will be pulled tow and remain law until con 
pletiun of the current command execution. It will then g 
high, permitting entry of the new command 

2. A previously initiated operation is in pr ogress an d f 
access has been attempted In this case, the PAUSE lu?^^ 
be pulled low, will remain m that state until execution i 
complete, and will then be raised to permit completion o 
the stack access. 

3. The Am 351 1 is not busy, and data removal hes been re 
quested. PAUSE will be pulled low for the length of tim< 
necessary to transfer the byte from the top of stack to thi 
interface latch, and will then go high, indicating availability 
of the data. 

4. The Am 9S11 is not busy, and a data entry has been re 
quested. PAUSE will be pul'ed low for the length of time 
required to ascertain if the preced ing da ta byte, if any, hat 
been written to the sta ck If so PAUSE will immediately 
go high If not, PAUSE will remain low until the iiUcilao- 
latch is free and will then go high 

S When a status read has been 'equested PAUSE will be pullul 
low for the length of time necessary to transfer the sidtus 
to the interface latch, and will then be raised to permit 
completion of the status read Status may be read whi-thi-r 
or not the Am951 1 is busy 

When PAUSE goes low. the APU expects the bu s contro l snj 

nals present at the time to remain stable until PAUSE not* 

high 


Device Status 

Device status is provided by means of an internal staus rrnn*-i 
whose format is shown below 


BUSY SIGN ZERO 


• ERROR COOt- 





8USY Indicates that Am9511 is runvntiy executing a cum 
mand (t ■ Busy) 

SIGN- Indicates that ihe value on the top of stack is negative 
(1 » Negative! 

ZERO Indicates that the value on the top of stack is zero 1 1 
Value is zero) 

ERROR CODE This field contains an indication of the validity 
of the result of the last operation The rtioi 
codes are 
0000 — No error 
1000 — Divide by *ero 

0100 - Square root or log of negative number 
1 100 - Argument of inverse sine, cosine, or e* too targe 
XX10 - Underflow 
XX01 — Overflow 

CARRY Previous operation resulted in carry or borrow 

most significant bit. (1 = Carry/Borrow, 0 No Can, 
No Borrow I 


If the BUSY bit in the statu* register ■* a one. the other stilus 
bits aic not defined it zero, in.lu.ot mi) not busy, the jp> • > i ■. 
compete amt me other status bits at- defined as given a* > - • 

Read Status I ) 


P 14 . c Operation j 

An , ctiv«* lo i oius-i ! ’ "VU^E’ s oro/id“u ”his tin- is h'.-jn in 
its su.-V-t .<1(1 ' * V !<v t 1 -. 'W'VjV ay' \i_ tin; 

following c >"• '!n is - 

• > 

. ' -s 


Ihe Arrt'ljt) ,'jtu, I'gist-i cjn hi- r.a.I by th» C^'J r 
tune (whether an _operabon is m pioqiess or not) by brim, uj 
the chip select (CS> low the comnunri/data lme(C/D> .nnh 
and ’owcring RD !»«. stilus leqistci is then cited onto tn- 
(Jata bus ai..l may be input by the CPU 


/ 
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EXECUTION TIMES 

Timing (or execution of the Am951 1 commend set it contained 
in Table t All times are given in terms of clock cycles. Where 

S jstantial variation of execution times is possiole. the mini- 
in and maximum values are quoted, otherwise, typical 
ues are given. Variations are data dependent 

Total exaction times may require allowances for operand 
transfer into the APU, command execution, and result retrieval 


from the APli. Except for command execution, these times 
will be be heavily influenced by the nature of the data, the 
control interface used, the. speed of memory, die CPU -led. 
the priority allotted to DMA and Interrupt operations, the sire 
and number of operands to' be transferred, and the use of 
chained calculations, etc. 


COMMAND EXECUTION TIMES 



Command 

Mnemonic 

Clock 

Cyc.es 

Command 

Mnemonic 

Clock 

Cycles 

SAOD 

17 

FAOO 

56-350 

SSUB 

30 

FSU8 

58-352 

SMUL 

92 

FMUL 

168 

SOIV 

92 

FOIV 

171 

OAOD 

21 

SORT 

800 

DSU8 

33 

SIN 

4464 

OMUL 

208 

COS 

4113 

OOIV 

2C8 

TAN 

5754 

FIXS 

92 216 

ASIN 

7668 

FIXO 

100 346 

ACOS 

7734 

FLTS 

98 186 

ATAN 

6006 

FLTO 

98 378 

LOG 

4490 


Clock 

Cycles 

Command 

Mnemonic 

Clock 

Cycles 

4478 

POPF 

12 

4616 

XCHS 

18 

9292 

XCHO 

26 

4 

XCHF 

26 

26 

PUPI 

16 


o 





MAXIMUM RATINGS above which meful life may be impaired 
Storage Temperature 


Ambient Temperature Under Bias 

_ 

• s 

V00 with Respect to VSS 


• 

VCC with Respect to VSS 

Ail Signal Voltages with Respect to VSS 

Power Dissipation 

' - • 

- 


-65*C to *I50 C 
*-S?Cto*)J5C 

-0.5V to ♦IS.OV 

L“5L sv ^5P v 


The products described by this specification include internal circuitry designed to protect input devices from damaging accumulations of 
static charge. It is suggested, nevertheless, that conventional precautions be observed during storage, handling and use in order to avoid 
exposure to excessive voltages. 


OPERATING-RANGE 

Part Number Ambient Temperature VSS VCC VOD 


1 Am951 IOC 

i AmSSIIADC 

0*C < T A < *70* C 

OV 

♦5.0V ! 5% 

♦ 12V t 5* 

Am951 10M 

-SS*C<T A <rl2S”C 

OV 

«sov • to* 

♦ 12V » 10* 


ELECTRICAL CHARACTERIS1 ICS Over Operating Range (Note II 


Parameters 

Description 

Test Conditions 

Min. 

Typ. 

Max. 

Units 

VOH 

Output HIGH Voltage 

IOH - — 200pA 

3.7 



ViSIt I 

VOL 

Output LOW Vottsgp 

IOL • 3 2mA 




V«|||« i 

VIH 

Input HIGH Voltage 


20 



Volts | 

VIL 

Input LOW Voltage 


-OS 


1 

Volts j 

tix 

Input Load Current 

VSS < VI < VCC 



j ■ 

pa : 

IOZ 


VO - 0.4 V 



-too 



VO “VCC 



100. 




T A “ ♦2S°C 


55 



ICC 

VCC Supply Current 

Ta“«*c 







T a - — 55°C 







T A - +25-C 


55 



100 

VOD Supply Current 

t a -ctc 




mA 



T A - -5S*C 





CO 

Output Capacitance 



~ 1 

10 

I* 

Cl 

Input Capacitance 

*c * t jOMHi. Inputt « OV 


5 

8 

t>r 

CIO 

I/O Capacitance 



10 

~ 12” 

Id 


d 



I 



▼ TO 










































r 




SWITCHING CHARACTERISTICS over operating range (Note 1) 


Am9S11 


A>nGSt14 


Parameter* 

Cttcripticn 


Mbs. 

Max. 

Min. 

Max. 

Units 


FSCR LOW Puli* Width 

too 


SO 


ns 


" C/S to SB LOW Sat us Tim* 

0 


0 


rrtS 


C/6 to WR LOW Sat up Tim* 

0* 


0 


ns 

{ TCPW 

Clock Pull* Width 

200 


too 


ns 

[ tcsr 

CS LOW to RO LOW Sat up Tim* 

SO 


25 


ns 

i rcsw 

Cl LOW to WR LOW S*t up Tim* 

so 


25 


ns 

f TCY 

Clock Period 

480 

8000 

' 250 

2500 

ns 

'row 

Oat* Bui StaSi* to WR HIGH S*t up Tun* 


2C0 


too 

ns 

TEAE 

E ACK LOW to END HIGH Delay 


200 


too 

ns 

TEPW 

CTTC5 LOW Puli* Width tNota 21 

400 


200 


ns 

TOP 

Oata Bui Output Valid to PAUSE HIGH 0*l*V 

0 


0 


ns 

TPPWR 

PAUSE LOW Puli* Wdih Reao 'Note 31 

1850 


B2S 

. 

ns 

1 TPPWW 

PAUSE LOW Pulse Width Writ* (Note 3) • 

0 


' ' 0 


ns 

i TPR 

PAUSE HIGH to RO HIGH Hold T.m* 

0 


0 


ns 

TPW , PAUSE HIGH to WR HIGH Hold Tima 

0 


0 


m 

TRCO 

RO HIGH ;o C/6 Hold Tune 


0 


0 


ns 

TRCS 

RO HIGH to CS HIGH Hold Time 

0 


0 


ni 

TRO 

RO LOW to Oata Bui ON Delay 

so 


25-' 


ns 

TRP 

EB LOW to t>AUSE LOW Delay INote 4) 

-=?- 

200. 


too 

ns 

TR2 

HO HIGH to Oata Bus OFF OHav 

so 

200 

25 

too 

ns 

TSAPW 

SV ACK LOW Pulse Width 

_ . 


SO 


ns 

TSAR 

SVACK LOW to SVREQ LOW Delay 


300 


ISO 

ns 

TWCO 

WR HIGH to C/6 Hold Time 

60 


30 1 


ns 

TWCS 

WR HIGH to CS HIGH Hold Time 

60 


30 


ns 

TWO 

WR HIGH to Oaia Bui Huld Time 

0 


0 


ns 


Wrne Inactive Time 

(Command) 

2TCY 

3TCY 

2TCY 

3TCY 

ns 


(Oatel 

3TCY 

4TCY 

- 3TCY 

4TCY 

ns 


WR LOW to PA JSE LOW Delay (Note 4) 


200 

- 

too 

n$ 


NOTES: 

1 . Typic al values are for Ta “ 25°C and nomin al supply voltage 

2. iND low pulse width is specified for EACK tied to VSS. 

3. Based on stack access only. Variable, refer to functional description for details. 

4 PAUSE vs pulled low for both command and data operations 

5 TEX is the execution time of the current command (see the Command Execution Times table). 
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APPLICATION INFORMATION 

The diagram in Figure 3 shows the interface connection* for 
the Am951 1 APU with operand tranifer* handled by an 

r 95!7 OMA controller, and CPU coordination handled by 
Am9519 Interrupt Controller. The APU interrupt* the CPU 
'—to indicate that a command has been completed When the per- 
formance enhancement* provided by the OMA and Interrupt 
operations tre not required, the APU interface can be simph- 
fied as shown in Figure I. The Am951 1 APU is designed with 


a general purpose 8-bit data but and interface control to that it 
can be conveniently used with any general P-bit proc es s or. 

In 'many 'systems it will be convenient to use the microcom- 
puter system dock to drive the APU dock input. In the cose 
of 8080A/9080A systems it would be tire 42TTL signal. Its 
cyde time will usually fell In the range of 250ns to 1000ns. 
depending on the system speed. 


cru on 

es 


SYSTEM OATA BUS 


Figure 1. Am9511 Minimum Configuration Example. 
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the following material describes the Digital Equipment Corporation 


LSI-11 microcomputer system. When packaged for an end-user, this unit is 
sold by the vendor as the PDF 11/03 minicomputer. 

"Copyright e 1977, by Digital Equipment Corporation. All Rights 
Reserved. Reproduced with the permission of Digital Equipment Corporation." 
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INTRODUCTION 

The use of large-scale integration (LSI) technology win 
takes new and outs ting product designs past a series of 
traditional bamers such as sue. weight, packaging, 
reliability/maintainabiiity and cost 
LSI technology enables DIGITAL to put an N -channel 
MOS central processor. 4096 (4K)-word random -access 
memory (RAM), vectored automatic priority interrupt 
logic, real-time dock mpuL power (ailure/autorestart 
logic, and buffered parallel 16-bit input/output port on 
one 8.5-by-lO-tnch printed circuit board 
Added to these LSI-1 1 features are an enclosure and 
power supply (including lights, switches and fan) to 
produce the PDP-1 1 (03- the LSI-1 1 in a box. 

LSI-1 1 or the PDP-1 1/03 can be expanded by choosing - 
from any of several memory and I/O modules— RAM. 
PROM/ROM or core memories serial and parallel I/O 
interfaces, printed-circuit backp'3ne/card guide 
assembly— all interfaced to the LSI-1 1 bus. 

LSI modularity means you buy only what you need. You 
are free to concentre te your expertise and maximize 
your profitability by applying OIGITAL s microcomputer 
capability to n whole new range of control and process- 
ing opportunities. 

Choosing either LSI-1 1 or 1 1 /03 enables you to offer 
the newest products m the popular DIGITAL PDP-1 1 
family of minicomputers, a family with unparalleled user 
acceptance More than 30.000 POP-1 is are in use. 
the largest number in processing and control applica- 
tions. Over four years of development and field experi- 
ence are yours to profit from when you offer LSI micro- 
computers to your customers. 

The wealth of tools available to help integrate the 
LSJ-11 or PDP-11/03 into your product means that you 
can cut short your development cycle and get to market 
sooner. 

Here's what is available 

* A large, flexible instruction repertoire, including the 
400-plus instructions of the basic PDP-11/40 

* A simplified, apolication-oriented bus structure for 
maximum ease m handling I/O and memory operations. 

* Off-the-shelf, plug-in expansion interfaces 

* Off-the-shelf, plug-in core. RAM. and/or PROM/ROM 
expansion memories 

* Resident firmware debugging Ochniques and ASCII 
console routines 

* Operating system development on standard 
PDP-11/33. 11/40 or LSI-11 

* Software and hardware training classes 

* Complete documentation, including user's program- 
ming and maintenance manuals, configuration and 
installation guides 

* The unmatched resources of the DECUS library for 

li . -(-..'d-ns 


LSI-1 1 HARDWARE AND FIRMWARE 
Microcomputer Module KD1 1 -F 

The 16-blt control proco aa or functions are contained in 
four silicon gate N -channel metal oxide semiconductor 
(MOS). large-scale integration (LSI). Integrated circuit 
chins These chips provide ell Instructions, decoding, 
bus control, and arithmetic/logic unit (ALU) (unctions of 
the processor The central processor contains eight 
general registers which can serve as accumulators, 
mdex registers, autoincrement/autodecrement 
registers, or alack pointers 



4096-by-IS read/ write MOS eamtoontfuctor memory is 
contained on the microcomputer module This memory 
is composed of LSI dynamic random-access memory 
(Vi AM) chips that require little operating power, provide 
fast access time, and are refreshed automatically by the 
processor's microcode, which is transparent to the user 
A memory register on the KOlt-F module addresses all 
on-board memory plus LSMi bus -compatible expansion 
memory up to 32K words or 64K bytes 


Mufttptoxed paredeS I/O bus port-D&A operati on. Tho 
LSI-11 bus is a high-speed. 38-fine parallel bus con- 
taining data, address, control and synchronization lines 
Sixteen lines are used for time multiplexing of data and 
addresses All data and control lines are bidirectional, 
asynchronous, open-collector fines capable of providing 
a maximum parallel data transfer rate of 833K words 
per second under direct memory access operation 


Powerful POP-11/40 basic Instruction set. More than 
400 powerful instructions make up the LSI-1 I s extensive 
basic instruction set There are no separate memory. 

I/O or accumulator instructions Thus the user can 
manipulate oata in peripheral device registers os flexibly 
as in memory registers 



The basic operation code uses both single- and double- 
operand Instructions for words or bytes, making it 
possible to perform such operations as adding, sub- 
tracting. or moving two operands in one step This can 
reduce the number of instructions needed for many 
routines by as much as two-thirds Much ot the LSI 11's 
operating flexibility end processing power are derived 
from its wide variety of addressing techniques Address- 
ing can be direct, indirect autoincrement, autodecre- 
ment. byte or word, indexing and stack-addressing This 
flexibility means the LSI-11 can deal with data in the 
most efficient manner The general registers can be 
used interchangeably as stack pointers, accumulators, 
and mdex registers Address modification can be done 
directly in the general registers 


The KEV-1 1 Extended Instruction and floating-point 
Instruction option provides fixed-point multiplication, 
division, and multiple shitting in single-precision arith- 
metic as well es floating-point addition, subtraction, 
multiplication anddivision 


i 
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fltuQfo tovaL vectored, eutomette priority tmtanopt 
provide s for user-implementation of a priority-structured 
I/O interrupt system Oevices electrically closest to ttto 
microcomputer module receive highest priority, for 
either DMA or programmed I/O transfers (DMA devices 
have a higher priority than programmed I/O devices ) 
This structure allows nesting of interrupts to as many 
levels as there are devices connected to the LSI-11 bus. 
Upon receipt of an interrupt grant the device directs 
the processor to an interrupt vector location which 
contains the starting address of the device interrupt 
service routine and the new processor status word. 
Red-time clock input signal line functions as an 
external interrupt line When connected to a frequency 
source, it can serve as a real-time processor interrupt 
A jumper on tho microcomputer module enables or 
disables this highest priority interrupt function 
Asynchronous operation of all system modules permits 
each to function at its highest possible speed 

Power fnil/outo restart provides jumper-selective restart 
through a power-up vector, a defined location, or an 
octal debugging technique (ODT) microcode 
Power failure » one of a series of errors and program- 
ming conditions which will cause the central processor 
to trap to a sat of fixed locations 


Whenever dc power seq ue ncing sionafs rndtcote on 
„ impending ee power toss, a mterecoded power-fad 
. sequence is initiated The microcomputer traps to loca- 
tion 24 to oxecute a user's power-down routine. Tho wtfl 
make possible on orderly system shut-down 
Whon power a restored! the processor can execute one 
of four lumper selected options, 
t The processor traps to location 24 and executes a 
user-defined power -up routine to restore the 
machine to its state prior to power failure 
2. Power-up to a defined location m memory 
3 l Power-up to the ODT/corrsote firmware routine (this 
assumes that an I/O mte-face that responds to the 
device address is present! 

4 Power-up to a microcode bootstrap program (thw 
assumes that the device corresponding to the 
bootstrap re ^resent) 

ODT/A8CH console routtaa/teetetrap all are resident 
in microcode to provide eutomotic entry mto the debug- 
ging mode, replacement of conventional programmers* 
panel lights and switches with eny termnat device 
generating standard ASCU codes, and the ability to 
automatically commence operation through resident 
bootstrap routines 

tSterd or byte processing provides very efficient handling 
of 8-bit characters without the need to rotate, swap, or 
mask 

84-by-10-t»ch board contains all of these features 



LSt-11 System Components 
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Expansion Memory Modules 

<g dynamic r an dom-e cce as mem o r y ftiTOV II-g « a 
dual-size (8 5 -by- 5 -mch) read/wnte memory module 
utilizing dynamic MOS semiconductor memory devices. 
The module capacity is 4098 words of t6 bits, with 
memory-select circuitry for operation on 4K address 
bpundanes Dynamic memory refresh a performed 
automatically every 1 67 milliseconds by microcode on 
the microcomputer module 

16ft d yn a m ic MOS memory — M8V1 1 -C is a quad-size 
(8 5-by-lOmch) read/write memory module with 16K 
words of 18 bits each This module features 4K dynamic 
MOS technology internal refresh, 4K bank memory 
addresses, and 750 nanosecond cycle time with 390 
nanosecond access time There are no special power 
requirements and memory contents can be protected in 
the event of a power toss by user-implemented battery 
back-up power source. 

4K programmable read-only memory-MRVTI-AA is a 

dual-size (8 5-by 5-mch) field programmable, read-only 
module utilizing cither 256 x 4 or 512 * 4 fusiOle-lmk 
semiconductor devices The modules maximum capacity 
a 2048 or 4096 words of 16 bits (depending upon which 
device is used), and is expandable m 256- or 512-word 
increments This module is configured with 32 sockets 
for mounting memory 1C devices of the user's choice 
PROM chips can be supplied as an option A pm- 
compatible masked ROM chip is available for volume 
applications so that the lowest possible cost can be 
achieved Board-mounted jumpers enable selection of 
the module's address 

4K core memory modute-fi3MV11-A is a quad-size 
(8.5-by-tOinch) core, read/write memory module 
containing 4098 words of 16 bits, with memory address 
selection circuitry for starting operation on any 4K 
boundary Core memory provides non-volatile read/wnte 
Storage for applications requiring protection against 
power losses. 


Interfacing Modules 

8ortet dm urtt-DLVn is a universal asynchronous 
receiver/transmitter serial interface module for use 
between the LSl -11 bus and sens) devices it a a dual- 
size (8.5-toy-5-mch) module with the following features 

* Either opbcaOy isolated 20mA current loop or EIA 
interface. 

* Selectable baud rates 50. 75. 110. 134 5. 15ft 200. 
300. 600. 1200. 1800. 2400. 4800. 9600 

* Jumper-selectable stop bits and data bits 

* LSI-11 bus interface and control logic for interrupt 
processing and vectored addressing of interrupt 
service routines.. 

* Interrupt priority determined by electrical position 
along the LSM1 bus 

a Control/status register (CSR) compatible with POP-11 
software routines CSRs and receiver data buffer 
registers directly accessed via processor instructions. 

* Plug, signal, and program compatible with PDP-11 
DL 11-C 

Peru Dal One unlt-ORVII is a general-purpose. 16-bit 
parallel interface between the LSI-11 bus and the user's 
peripheral device. It is a dual-size (8 5-by-S-inch) 
module with the following features 

* 16 diode-clamped data input lines 

* 16 latched output lines 

* 16-brt word or 8-bit byte data transfers. 

* Complete device address decoding user-assigned 

* LSI-11 bus interface and control logic for interrupt 
processing and vectored addressing of interrupt 
service routines. 

* Interrupt priority determined by electrical position 
along the LSI-11 bus. 

* Control/status registers (CSR) compatible with 
PDP-11 software routines CSR and receiver data 
buffer registers directly accessed via processor 
instructions 

* Plug, signal and program compatible with PDP-11 
DR11-C. 

* Four control lines available to the penpheral device 
for output data ready, output data accepted, input 
data ready, and input data accepted logic operations 

* Can be used with TTL or DTL logic-compatible 
devices 

* Maximum data transfer rate of 90K words per second 
under program control 

* Maximum drive capability of 25 feet of cable 
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PersflofBneOblA-DBVIl-BisaquaqelzeCS.S-toy-IO . 
inch) direct memory access interlace module. It requires 
two device locations on the bus The interface is pro* 

0 rammed by the processor to move variable length 
blocks ol 1 6-bit data words to or trom specified locations - 
in the system memory via the LSI-1 1 bus Once pro- 
grammed. no processor intervention is required to com- 
plete the data transfer The ORV1 1-8 is capable of trans- 
fer rates up to 250K, 16 -bit word per second, and is 
capable of operating in burst modes and byte 
addressing. 

ISM 1 bus foundation— OR VI 1-Pisa versatile wire 
wrap module on a ouad-size (8.5-toy-l 0 inch) board. 

It requires two device locations on the bus. it contains 
a preassembled bus interface logic and can accom- 
modate up to 60 1 4-pm ICs 

Because the bus interface logic is included, the module 
can be efficiently configured by the user to satisiya 
variety of device interface logic applications 

Backplane/Card Guide Assembly H9270 

The H9270 backplane/card guide assembly is a pre- 
wired LSI-11 structured backplane based on a standard 
DIGITAL four-by-four slot configuration. The H9270 
has the following features- 

* Designed to accept one microcomputer and up to six 
I/O and memory modules 

* All LSI-11 bus data, control, and power connections 
are prewired on the printed circuit backplane to each 
modu.e location 

* Easily implemented, pnonty-structured I/O bus 
system based upon electrical position along the 
LSI-11 bus. Device pnonty levels established by a 

. daisy-chained grant signal arrangement for interrupt 
and DMA requests Placement of modules into the 
backplane automatically passes the bus grant signal 
to the next lower-pnonty device 

* Backplane integral with card guide assembly 

* Mounting capability in all planes 

* Backplane size 11 IS by 2 8 by 11 0 inches 


Power Supply N7E0 

TheH700 power supply provides the required dc voltage 
and current for the H92 70. H9271, or equivalent back- 
plane in the LSI-1 1 system. 

' The H780 features. ' 

• +6V±3%. 18A( maximum) and + 12V*356.3.5A(max»- 
mum), combined dc power must not exceed 1 20W. 

• Overcurront/short circuit protection— Output vol- 
tages return to normal after removal ol overload or 
short Current limited to approximately 1 2 times the 
required maximum rating 

• Overvoltage protection— +5V limited to +0.3V 

(approximately); +12V limited to +15V 
(approximately). .» 

• Dual primary power configuration— Can be connected 
for nominal 1 15 V. 60 Hz or 230 V. 50 Hz input power 

• Line Time Dock— A bus-compatible signal is gener- 
ated by the power supply for the event ((me time 
dock) interrupt input to the processor This signal is 
either 50 or 60 Hz. depending upon primary power 
line frequency input to the power supply 

• Power Fail/ Automatic Restart— Fault detection and 
status circuits monitor ac and dc voltages and gener- 

' ate bus-compatible BPOK H and BDCOK H signals 
(respectively) to inform the LSI-1 1 system modules 
of power supply status Automatic power signal 
sequencing is provided. 

• Fans— Built-in fans provide cooling Ur the power 
supply and LSl-1 1 modules contained in an adjacent 
H9270 backplane. 

Expended Backplane DDV1 1 -B 
The DDV1 1 -B without card guide is an expanded ver- 
sion of the standard L3I-1 1 backplane for use when 
additional LSI-1 1 opt on module space is required. A 
mne-by-four slot section of the backplane is LSI-1 1 bus 
structured and will accept one microcomputer, up to 15 
option modules and one bus terminator module An 
additional nme-by-two slot section of the backplane is 
provided with power connections 

Expander Box H90S-C 

The H909-C expander box provides a most convenient 
means for expanding the LSI-1 1 system Each box 
includes the card guide and space tor the DDV1 1-B 
and th8 power supply. 
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H780-h pov.er supply atiaU-eP to me H9270Dackpiane 
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| LSI-11 BUS CONCEPT 

The bus « a simple. fast easy to use interlace b e tw een 
t LSI-1 1 modules. AO LSI-1 l modules connected to thw 

c om mon bidirectional t> js structure receive the same 
interlace signal Imes Atypical system apphcanonm 
, - which the processor module memory modules arid 

peripheral device interlace modules are connected to 
the bus a shown m tne diagram 

Bus data and control Imes are bidirectional ooen- 
co (lector imes that are asserted low The bus is com- 
posed of 16 data/address lines. 1 7 contrd/synchronea- 
tmn signal lines, and maintenance lines. 
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Control signal lines include two daisy-chained grant 
signals (four signal pms). which provides a priority- 
structured I/O system The highest priority device is the 
module electrically located closest to the microcom- 
puter module Higher pnonty devices pass a grant signal 
to lower priority devices only when not requesting 
service For example. Module A.' shown in Bus Priority 
Structure, is the highest-pnonty device, and is capable 
of interrupting processor operation (when interrupts 
are enabled) or executing DMA transfers at any tine 
Modules B and C have lower priorities, respectively, and 
can receive a grant signal when Module A is not 
requesting service Similarly. Mod'j ‘9 C can receive a 
grant signal when both Modules A and B are not 
requesting service 

Both address and data words (or bytes) are multiplexed 
over the 1 6-bit bus For example, during a programmed 
data transfer, the processor first asserts an address on 
the bus for a fixed time After the address timehasbeen 
completed, the processor executes the programmed 
input or output data transfer, the actual data transfer is 
asynchronous and reauires a reply Irom the addressed 
'device Bus synchronization and control signa's provide 
the function 


COMPONENT SIDE Ut> 


PROCESSOR 

1 PCSfTtON* 

POSITION 1 

1 POSITION 3 

POSITION* 

| POSITION t 

POSITIONS 


* a C 0 

MOOUIE INSERTION SIDE i 
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The processor module is capable of driving sa davwe 
•tots (double-height) along the bus. as supplied. Devices 
or memory can be installed m any location along this 
bus. 

The processor s on-board memory address latch and 
address decoder addresses both the processor 
module s 4K RAM and generates banx-setect signals 



on the bus. 


The bus provides a vectored interrupt interface for any 
device. Hence, device pot ling is not required m inter- 
rupt processing routines This results m a considerable 
savings m processing time when many devices requir- 
ing interrupt service are interfaced along the bus When 
a device receives an interrupt grant signal the processor 
inputs the device's interrupt vector The vector points 
to two addresses which contain a new processor status 
word and the starting address ot the interrupt service 
routine for the da. ice 


One input signal Ime functions as an external event 
interrupt tine received on the processor module This 
signal (me can be connected to a frequency source, 
such as a line frequency and used as a real-time inter- 
rupt A lumper on the processor module enables or 
inhibits this function. When enabled, the device con- 
nected to this line has tne highest interrupt priority 
external to the processor Interrupt vector 1 00 a is 
reserved fe» this function and interrupt request via tne 
external event line causes new PC and PS voids to be 
loaded from locations 100s and 102a 


MASS STORAGE FLOPPY DISK 
RXV11 

TheRXVll is a dual drive floppy disk with interface, 
it has a capacity of Si 2K words with an average access 
time of 483 microsoconds and provides unlimited off- 
line siorage. 
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LSI-11 INSTRUCTION SET 

8INOLE OPERAND 


. • • 
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PROGRAM CONTROL 
M nemo nic * Ir u tructton 


Mnemonic 

(nsiiuctlon 

General 

CLR(B) 

dear 

COM(B) 

complement 

INC(8) 

increment 

DEQB) 

decrement 

NEG(8) 

negate 

TST(B) 

test 

Shift A r jtate 

ASR(B) 

arithmetic shift right 

ASUB) 

arithmetic snift left 

ROR(B) 

rotate right 

ROUB) 

rotate left 

SWAB 

swap bytes 


Multlplo Precision 


ADC(B) 

add carry 

SBC(B) 

subtiact carry 

SXT 

sign extend 

PS WORD OPERATORS 

MFPS 

move byte trom PS 

MTPS 

move byte to PS 

DOUBLE OPERAND 

General 

MOV(B) 

move 

CMP(B| 

compare 

ADD 

add 

SUB 

subtract 

Logical 

BIT(B) 

oittest 

BIC(B) 

bit clear 

BIStBi 

bit set 

XOR 

exclusive or 

CONDITION CODE 

CLC 

clear C 

CLV 

clear V 

CLZ 

clear Z 

CLN 

clear N 

CCC 

clearance bits 

SEC 

setC 

SEV 

setV 

SBZ 

setZ 

SEN 

set N 

see 

set all CC bits 

NOP 

no operation 


Branch 

8R 

branch (unconditional) 

8NE 

branch if not equal (to zero) . 

BEO ' 

branch if equal (to zero) 

8PL 

branch if plus 

BMI 

branch if minus 

BVC 

branch if overflow is clear ' 

BVS 

branch if overflow is set 

BCC 

branch if carry is clear 

BCS 

branch if carry is set 

Signed Conditional Branch 

BGE 

branch if greater than or equal 


(to zero) 

BLT 

branch if less than (zero) 

BGT 

branch if greater than l zero ) 

BLE 

branch if less than or equal (to zero) 

Unsigned Conditional Branch 

BHI 

branch if higher 

BLOS 

branch it lower or same 

BHIS 

branch if higher or same 

BLO 

branch if tower 

Jump A Subroutine 

JMP 

jump 

JSR 

jump to subroutine 

RTS 

return from subroutine 

MARK 

mark 

SOB 

subtract one and branch (if=0) 

Thsp A Interrupt 

EMT 

emulator trap 

TF.AP 

trap 

BPT 

breakpoint trap 

IOT 

input/output trap 

ATI 

return from interrupt 

RTT 

return from interrupt 

MISCELLANEOUS 

HALT 

halt 

WAIT 

wait tor interrupt 

RESET 

reset external bus 

FIXED POINT ARITHMETIC (EIS) 

Mnemonic 

Instruction 

MUL 

multiply 

DIV 

divide 

ASH 

shift arithmetically 

ASCH 

arithmetic shift combined 

FLOATING POINT ARITHMETIC (FIS) 

Mnemonic 

Instruction 

FADD 

floating add 

FSUB 

floating subtract 

FMUL 

floating multiply 

FDIV 

ilcanng divide 
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LSI-11 SOFTWARE 

LSM 1 systems software includes a paper tape software 
operating package, a variety of operating' systems, pro- 
gramming tangua^s. diagnostic software, and special 
software options 

The LSI-1 1 paper tape software (QJV 10 -AB) 
is available as a basic utility package. It consists of 
an Editor, which allows the user to create and modify 
ASCII source files to be used as input to other system 
programs, an Assembler, which allows the user to trans- 
late assembly language programs into executable 
machine-coded programs; a Loader, which allows the 
user to input programs and data from various media into 
the machine, an On-line Debugging Technique (ODT) 
Package, which allows the user to debug assembled 
and linked programs, and an Input/Output Executive, 
which allows the user to control the (low of data to and 
from devices under program control 
Real-Time Operating System RT-1 1 
RT-1 1 is a floppy disk based, single-user, foreground/ 
background system that can support a real-time job exe- 
cution in the foreground and an interactive or batch pro- 
gram development iob in the background It is a high 
performance system which combines last on-line access 
with h<gh level programming language capabilities and 
user-benef <cial features such as stack processing and 
vectored interrupts. 


• 9 


Rasource-S taring O pera t ing System R3X-11S 
RSX -1 i S is an execute-only operating system designed 
to provide the most efficient resource-sharing environ- 
ment for multiple real-time activities without a mass 
storage device This operating system features multi- 
programming. priority scheduling, contingency exist 
and power-fail shut-down and auto-restart - 

RT-11 Programming Languages 
MACRO-1 1. the assembler, provides full macro pro- 
gramming capabilities in systems with 8K of memory 
It has facilities for maintaining and using a macro library 
and performing conditional assembly 
Multi-user BASIC is a fast Incremental compiler devel- 
oped by DIGITAL using a conversational programming 
language developed at Dartmouth. It provides on-line 
timeshared access to the LSI-1 1 Several users simul- 
taneously can develop programs, enter and retneve 
data, examine Idea, and communicate it is one of the 
easierprogrammingaids to master, yet it offersextremely 
sophisticated techniques tor complex manipulations 
and efficient problem-solving 
• FORTRAIsWV is an updated, improved version of a 
widely accepted scientific problem-solving language 
and compiler, contained in 8K words ot memory It can 
be used to oertorm integer, real and double precision 
operations Both program execution and compilation is 
much faster using this version input and output cart be 
accessed directly, and all RT-1 1 monitor (unctions are 
completely accessible through callable subroutines - 
Object programs are put out in run time format without 
any intermediate assembly 

PROM Formatter OJV11-CB 

This software generates correctly formatted tape from 
which a PROM chip can be blasted. 

LSI-11 Paper lbpe Diagnostics ZJV01-RB 

These tapes test the processor, exercise the memory, 
isolate problem modules and exercise the I/O devices. 
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DEVELOPMENT SYSTEMS. 

Development of applications-onented software is a typi- 
cal assignment for the PDP-1 1/03 and 1 1 V03 systems 
among ongmal equipment manufacturers building the 
LSM 1 board set into their products These systems, 
integrated with POP-1 1 software are designed to offer 
powerful and flexible computation resources at a low 
price 
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PDP-1 1/03 

The P0°'11/03 is formed by adding the'oUowing 
elements to the basic LSI-11 microcomputer module 
the power supply (including lights, switches and a dua* 
fan assembly), standard rack mountable enclosure 
measuring C< j oy 19 by 13 inches. H9270 backplane/ 
card guide assembly The 11/03 is available in 4K RAM 
(115 and 230 volt) and 1 6K RAM and 4K Core (11 5 and * 
230 volt) versions. Each is expandable beyond the basic 
configuration by adding the options currently available 
as modules with the LSI-1 1 

The PDP-11/03 is designed with a removable front panel 
(pop panel) By removing this panel, you expose the 
LSI modules and cables for easy removal or replace- 
ment from the front The power supply is located on the 
right side and has lights and switches attached so that 
when the front panel is removed, the lights and switches 
remain functional 

POP-11/03 Operating Specifications 
Temperature 41°F to 122°F 

Relative Humidity 10% to 95% (no condensation) 

Input Voltage 

PDP-11/03-AA. BA 90-132 Vac. 115 Vac nominal. 


PDP-11/03-AB. BB 


90-132 Vac, 115 Vac nominal. 
47-63 Ha 

180-264 Vac. 233 Vac nominal 
47-63 Hz 


Input Power 

PDP-1 1/03-AA. AB. 210 watts max at full load. 

BA. BB 190 watts typical at full load 

PDP-1 1V03 

Tfo orjp M'/nh rnns s’S O* n PDP M/03 Wh PK o( 
semiconductor read write memory dual drive floppy 
if ‘.It system tprmmator bootstrap module with DMA 
rt’iro ,h a VT52 DECscope or LA36 OCCwnter II input/ 
' : ••.on,-. |, .in. i, r ,> ioun’> ■■ c." el with 

p :.str ou - 'on aan-sl and 0LV1 1 ser.ai 'me unit 




The 1 1 V03 includes RT-1 1 which is a small, single-user 
foreground/background system that can support a real- 
time application job's execution in the foreground and 
an interactive or batch program development job in rhe 
background Programming languages supported under 
RT-1 1 are MACRO-1 1. Fortran IV and BASIC 

PDP-11V03 Operating Specifications 
Temperature 

Operating 15to32 o C(59tQ90 o F) 

Nonoperating -35 to GOP C (-30 to 14(7* F) 

(diskettes. -35° to 52° C (-30 to 1 25° F) 

nonoperating) 

Relative Humidity 

Operating 20 to 80% 

Nonoperating 5% to 98%, noncondensing 

(diskettes) 10 to 80%. nor ondensmg 

Magnetic Field less than SO oersteds 

Mechanical 

Cabinet sue 26THx28*0 x2t'VW 

Weight 205 pounds 

Electncal 

Input Voltage 

PDP-11V03-AA 100 to 127 Vac. 60 Hz. ±* Hz. 

with VT52 

PDP-11V03-EA 100 to 127 Vac. 60 Hz. ±1 Hz. 

with LA36 

PDP-11V03-AD 200 to 254 Vac. 50 Hz. ±1 Hz. 
with VT52 

PDP-11V03-ED 200 to 254 Vac. 50 Hz. ±1 Hz. 


20 to 80% 

5% to 98%, noncondensing 
10 to 80%. nor ondensmg 
less than 50 oersteds 

26" H x ZBT 0 x 2Vtf* W 
205 pounds 


Input Power 
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100 to 127 Vac. 60 Hz. ±* Hz. 
with VT52 

100 to 127 Vac. 60 Hz. ±1 Hz. 
with LA36 

200 to 254 Vac. 50 Hz. ±1 Hz. 
with VT52 

200 to 254 Vac. 50 Hz. ±1 Hz. 
with LA38 

940 watts max at full load 

r . - . ✓ w.. 
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1 1 VOS with VT52 DECscope 

MICROCOMPUTER APPLICATIONS 

Contiguration flexibility, unparalleled software provi- 
sions, and a complete array of interface terminal and 
mirror/ options n.ai'e the LSI- 1 1 an ideal addition to 
control communication and processing systems 

The reliability small size, and cost-savings made oos- 
jSib'c by "V: L. •- 1 1 Slarao-SCulointnqraliona'Chi'oc* 
t -c can jusi fy its use in many new applications, in- 
cluding (hose summarized below 
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In a Remittance Processing System 
The LSI-1 1 is both economical enough and powerful 
enough to be incorporated in a new line of single-user 
remittance processing stations Each station has its own 
LSI-1 1 with 30K words of memory This contrasts with 
traditional shared-processor systems that divide their 
computer power among a number of operator stations 
Oue to their greater complexity, these older systems 
are often both I/O bound and computer bound The 
LSI-1 1 based stand-alone systems avoid this problem, 
yet cost less than a shared processor system with the 
same number of stations. 

In en Ultrasonic Scanning System; 

The LSI-1 1 serves as the central controller in an ultra- 
sonic scanning system that uses high-frtque:tcy, tow 
energy, pulsed sound waves to produce cross sectional 
views of the human anatomy Unlike X-ray. ultrasound 
can distinguish between different kinds of tissues, 
diagnose pregnancy and its abnormalities, and visual- 
ize a variety of conditions including tumors, certain 
opthalmic lesions, and other abnormalities 


lag for manual data recording and subsequent keying, 
the host computer can provide the inspectors with real- 
time trend analysis results to help them spot problems 
early. 

In Programmable Signs: 

An LSI-11 controller is responsible for many of thd 
programmable signs used in commercial and industrial 
applications One OEM's signs display alphanumeric, 
graphic, and high-contrast photographic information, 
even animated cartoons— in 16,000-pomt dot matrix 
formats. A single LSI-1 1 controller drives several signs. 
Another OEM builds an LSI-1 1 into a stand-alone system 
that has practical applications ranging from interactive 
graphic design and editing to classroom or other group 
visual presentations Both OEMs chose the LSI-1 1 
because it could handle the large amount of processing 
their systems requited In addition, the microcomputer 
had the proven hardware and the software development 
and debugging tools to make one-of-e-kind applications 
practical. 

In Processing Color Film: 

LSI-1 1 s control a fully-computerized color film process- 
ing system for ohotofinishing laboratories. The system 
reduces photographic paper waste as much as 50% by 
minimizing operator errors, reducing set-up paper loss, 
and providing tighter quality control. The added through- 
put saves tabor costs and lets photofinishers handle 
more volume without having to buy additional color 
printers. The system consists of from four to 25 LSI-1 1 
controllers linked to a host PDP-1 1 /35. which provides 
overall control and manages a central data base 
LSI-1 1 8 were ideal for this distnbuted control operation, 
according to the OEM. because their local computa- 
tional power allows the central 1 1 /35 minicomputer to 
handle up to 25 printers at once The LSI-1 1 s software 
and system compatibility with the 1 1 /3S, as we'i as its 
powerful set of 400 basic instructions, was a oig advan- 
tage in developing application software 


In Distributed Process Control: 

LSI-1 1 s are at the heart of a cost-effective distnbuted 
process control system that is helping plastic sheet and 
film manufacturers make better use of their increasingly 
expensive raw materials. LSI-1 Is control extruders to 
minimize set-up times and start-up scrap and to hold 
down variations in product thickness The controllers 
all report to a supervisory LSI-1 1 . which provides the 
real-time operator information and control, and the 
centralized management reporting, usually associated 
with larger, more expensive systems 

In a Voice-Input Terminal System: 

The LSI-1 1 allowed an OEM to develop a less expen- 
sive voice input terminal that can reach a muen wider 
market than previous terminals of this kind The terminal 
accepts the operator s spoken words identities tnem 

O trom among hi., ptetr-corcKd cococh patterns and then 
relays the data m digital lorm to tno host computer In 
industrial plants, (or instance, the voice input terminal 
allows quality control inspectors to enter data while they 
look at and handle work pieces Since there is no lime 


In Computer N umerical Control; 

LSI-1 1 s conlrol a new generation of grinding machines 
that produce more uniform surfaces and require less 
operator intervention than competing machines The 
biggest advantage of the new grinding machines is that 
their LSI-11 controllers can be easily programmed tor 
maximum productivity in performing a given application 
The programmer typically prepares the actual grinding 
prograi a and stands by to watch the firsi workpiece as 
It's proiuced If the programmer «oes a way to simp!<iy. 
speed up, or in some other way imorove the process, he 
can actually cycle backward and forward through the 
program, rewriting and testing as he goes The pro- 
grammer can optimize the software a no validate the 
results without ever having to leave the production 
floor Hardwired controllers or tape-fed controllers just 
don t permi* this kind of flexibility 




SERVICE AND WARRANTY 

LSI -11 microcomputers are warranted tor SO days 
Return any defective unit during this period and it will 
be repaired or replaced without charge 
Post-warranty service can be provided in a variety ot 
wavs, including complete repair through a local 
DIGITAL depot, a contract with OIGITAL's Field Service 
Group, or the purchaser's own service organization, 
with or without training at OIGITAL 


ORDERING INFORMATION 

Forfurther Information on DIGITAL component products, 
contact , 

Digital Equipment Corporation. Components Group. 
One Iron Way. Marlborough. Massachusetts 01 752 Call 
800-225-0480 toll-free from A30 AM to 5.30 PM our 
time.* 

In Canada: 

Digital Equipment of Canada Limited. PO Box 1 1 500. 
Ottawa. Ontano. K2H 8K8 Call (61 3) 592-51 1 1 . ext. 1 54 

In Europe: 

Digital Equipment Corporation International (Europe). 
81. route de I'Aire. C P 340. CH-121 1 GENEVE 26 
Call (022*42 7950 



•us only. Mtswchutatti micMnu pweta cfcal ( 61 7) 481 -T400 
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• TENNESSEE, Knoxville and Nashville • TEXAS, Austin, Dallas and Houston • UTAH Salt Lake City • VIRGINIA. 
Richmond • WASHINGTON. Bellevue • WISCONSIN. Milwaukee (Brookfield) • INTERNATIONAL— ARGENTINA, 
Buenos Aires • AUSTRALIA Adelaide, Brisbane, Canberra, Melbourne, Perth and Sydney • AUSTRIA Vienna • 
BELGIUM, Brussels • BOLIVIA La Paz • BRAZIL. Rio de Janeiro ar.d Sao Paulo • CANADA. Calgary, Edmonton, 
Halifax. London Montreal Ottawa Toronto Vancouver and Winnioen • CHILE Santiago * DENMARK. Cooenhagen 

• FINLAND HUjinm • FP..NCL L/on. L-.^i yU'u and rMris • C* :}!MAN FEDERAL REPUBLIC, Cologne FranilurL 
H , nburg Hannovor Munich Nuromburg. Stuitgail and Wesi Borim • HONG KONG • INDIA Bombay • INDONE- 
SIA Djakarta • IRELAND, Dublin • PALY, Milan, Romo and Turin • IRAN, Tehran • JAPAN. Osaka and Tokvo • 
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TMS 9900 

TMS 9900 Is a 16>blt HMDS microprocessor sold by Togas 
Instruments Incorporated. It Is functionally equivalent to tho SBP 9900, 
an I 2 ! version also manufactured by Texas instrusanta Incorporated. 

"Copyright c 1976, by Texas Instruments, Inc. All Rights Reserved. 
Portions of the ire_9900 Microprocess or Data Manuel reproduced with the 
permission of Texas Instruments, Inc." 
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1. INTRODUCTION 

i.i ocscfttmoN 


Tho TMS 9900 mrcroproceuor a • tmgttctiip 164X1 central processing wmt ICPUI produced uung N channel 
ulrcorugata MOS technology Isee F^ura II The instruction ttt o* the TMS 9900 "ncimSes da cants Mm olintii la 
fuO imncompultn. The un-cue nomory-to-memory architecture features muttiWe toes wdmt m mmol 

wtnh •Row liMzt response to iiwncn m increased programming fteaibiiiiy Tn» apintt but structure bmnities 
da Mdltm design effort Teats Insdienents provides a eompeiible ml of MOS end TT l memory and logic function 
circuit to M wad aid) a TMS 9900 tvtfarn Tha system n fully supported by toftwwe and a comtuett prouitypiraj 
system — 


1 J KEV FEATURES 

• 16-Bit Instruction Wort 

« Full Minicomputer 'instruction Sal Capabilitv Including Muftgsfv and Ornate . 

• Up to flS.m Bytes of Me m ory 

• 3 J-MHi Speed 

• Adrenced Memory m-M a mory Architecture 

• Sepcrite Memory IrTJ. and Interrupt But Structural 

• 16 General Ragmen 

a IBPnoniurd Incerruptt 
a Programmed and DMA MO Owdbility 

a N -Channel Srlrcon-Gat* Technology 

a 

2. architecture 

The memory wort ol da TuS9SQ n 16 bill long Each wort it alto datmeo at J bvtttol 8 tuts The mtductnin tri 
of the TMS 9900 allowt born wort and byt* operand! Thui, ad momory locanona ora on earn cddrnt bo jiafanei ami 
byla instruct ions can odrtrett either tha eren or odd Dv!t Tha rtamory spree o 55.536 bytes or 32. 788 word! Theword 
and byt* lotmatt era thoam below 



U tn 


£ 

m 

h 

0 

0 

0 

B 

0 

0 

m 

10 

0 

13 

13 j 

0 

M 

/ 

s/ — 

taaiaoAv wonts it vest Aoomto 

MU S-tB MSS in 

H 

e 

h 

0 

0 

0 

m 

m 

0 

0 


0 

t2 

13 14 

15 

X ^ is /- 


avtnrm odd art f 


21 REGISTERS AND MEMORY 

The TMS 9300 employs an_ad»»nead memory lo ■memory architecture Blocks of mem o ry detonated at woraioace 
raolaco inttmal'hardwai. ..puna ends program-tala i agisms The TMS 9900 rmmory map n shown m Fame 7 Tin- 
lint 32 wcids tea user* tor imetrupt oao rcctm s. The ntal contiguous btock nt 27 memory words it used ny rise 
aatanded operation DtnPl rrvt'uctwn for trap r*> ton the last two memory words FFFCjj; ann FFFt ip are used I, •• 
me tiats rr«» i si t* LOa's i.,na( Thr »»--*. r-r-no f t d*., a«a latr-e *u- reojiams data ams wiveyi air 
ragnttrs II dtsirad any ol She special araas miy * nr used as gr natal memory 
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Three internal register* art accessible to tht user Tot program counter (PCI contain* the address of she instruction 
following tht currant instruction being atecuted Th<\ address i* referenced by lh* processor to fetch ih* wit 
instruction from memory and it then automatically incremented Tht status register 1ST • contains the present state of 
tht processor and wifi be further defined -s Section 34 The workspace puintt tWP* contain* the atltl»eu ot thr I *o 
word ns she currently act nr e set of wort space rentiers 

A itiucrirqitn fat occuh'f* 16 con* 7 n>t\ w*"' • , * ml* thr «jcnaf*» «'r< life f « 0 u»- ?• f * •* 

workspace register may hold data or addresses im l». n f» on a* onriind «eq<itm accumulators eddies* rrytiir'i 
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tndea 'ttmoi Our mg inunction mention, the pt ocouo i rtlnwi eny mnw in the worktgeea by adding tha 
l ay i w auatw to tho conunti ot mo werkcpcce po inte r and initiating a m emo ry raqutu tot tha aod Tho 
ra*at«mhe bttwaon tbo oorkieece Pftntar and in oormpondtng workipace a ah own Woo . -r 



The oortipaca concept a pcrocviierly yaluabla during oturttiom that raouin a context witch. which n a change from 
ana program nwroramat to mother (at in tha cam ot an mtarmpt) or to a tubroutme. Such an operation, uling a" 
eotwtfttional multi ragntar arrangamant. raquirai that at la alt part ot tha con tan ti ot tho regular Ida be itorad and 
ratoaaad A memory cycle u required to note or latch each word By aachanging tha program counter, itetui ragntar. 
and workipaee pointer, the T MS 9900 accomplnhtt a complete con teat twitch with only thrao ttore cyder and thrao 
latch octal. Attar tha witch tha tmrkipaca pomtar conuun the tuning addrau ot a naw 16-word workipaca in 
memory tor uie m tha naw routine A eortatpondmg lima laying occur* when tho original corneal it rattorod 
Intttucuom m tha TWS 9900 that raiult m a central witch include 

1 Branch and Load Workipaca Pointer IBLVkPI 

2 Return Irom Subrcatme (RTWPI 

3 Eatandad Ootralmn IXOPI 

Omea inttmipti. RESET and LOAD alio came a content match by forcing the proceuor to trap to a gartnep 
wbroutina 

U INTERRUPTS 

Tha TVS 9 900 amployy IB interrupt law It with the highett.prionty Inal 0 and lowtct level IS Laval 0 u r nerved lor 
the RESET I unction and alt other I avail may be utad tor aatamal device! The aatrmat latralt may alto be iharad by 
teveto Oavca mtarruoti. depending upon lyittm irquirrmann 

Tha TMS 9900 contitwouily comparai tha minuet coda (ICO throudt IC31 with tha mtarrupt maik c octet nad in 
t’rtui >f>| >tt' ‘i it '? m'Owjn !S wr t n mr 'r.r ot m* panning mirnupt t iru than ot equal to the enitjung mat 
tva' ••'■gnat oi equal priority •nteiruon me proertw rtcogntm tha interrupt and -nitutet a remit «l witch loliowing 


e 


to « 






* 



< 


completion of (he currently cccewtmg instruction. The processor fetches the new contest «fl> end PC from the 
interrupt vector locations Tnon, the previous contest WP, PC. rod ST ere stored m workioac* regnteit 13 14 end IS 
respectively. of the new seorksooee. The TMS 9900 then foren the interrupt mas* too value metre one less then the 
tenet of If* tmriuCI bvng seaweed. estapt lor l«v«l Itto interrupt, wind) loot itro into me me* Tun e»ow« only 
imem-pts of higher prioritv to interrupt • tame* rout mo The processor Mo inhibits interrupts imti’ me Ini' 
instruction of the tortneo routine hot boon executed to pr o to rvo program link ago Mould • ruqher priority mtrtiuP! 
occur All intotrupt rvouttto Mould remain active until toeognuad by tho pro c e ss or <n the dev<v-eerwce tour ne The 
individual semes routine* mult meat the interrupt tequnu before tho routine n oompsate 

If e higher priority interrupt occurs e second contest twitch occurs to tervtee die f u ller pronty mtemot When mat 
routine it complete, a return instruction (RTWPI restores the first service routine peremeten to t«a pmcnin in 
complete procestixg of Me tower -prior try interrupt All interrupt subroutine! Mould termme te with the ratten 
instruction to restore original program perimeters. The interrupt-vector location!. or* ice atugnmeni mahimo-mssk 
value, and the interrupt code are shown m Table t. v . • 

TAOtlf 

lurmnurr lcvu oata 



‘iMOMimwemks. 


The TMS 9900 interrupt interface utilitet standard TTl components a shown m figure 3 Note that tor euMt or im 
eeternel interrupts e smgle SN74148 is required and lor one eitemal interrupt INTREO a used es Me mtr»..n' uona- 
with e herd wired code ICO through IC3 

U INPUT/OUTPUT ' 

The TMS 9900 utilises e versetite direct commenodrtven I/O interface designated es the cbrnnwrucenom-registei unit- 
(CRUI The CPU provides up to 4096 directly addresuble input bits and 4096 directly eddretubse outuut tuts Bom 
input and output bus cm be addressed individually or in fields of from I to 16 bits The TMS 9900 emmovt threa- 
ded seated I/O pins ICRUIN CRU0UT and CRUU.KI and 12 bus (A3 through A 141 ol the address ous to internee 
with the CRU ivitem The processor instructions Met drive the CRU interface can tel. reset, or test any bit m theCRU 
errey or move between memory end CRU data Iteids 
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2 A S1N0LE BIT CRU OPERATIONS 

The TMS 9900 uifcfiw three ungie-lMt CRU function ton bn ITS), tat bit to one ISBO). end tat bit to mo ISB 2 I 
To dentity th» »t to be oooaitd upon tno TMS 9900 develops « CRUtut (dona and placet it on lb* eddreit Dm. A 3 
10 AH. 

* 

Fat ttw two output operation! ($80 tno SBZl tnt proontor tito gsrwattt • CRUCLK oultt indicating at output 
operation to tntCRUOrmo out placet btt 7 ol tho maniction wordontheCR'lOUTlme to sccomptnh tho weal wd 
operatan (bit 7 1 1 ooo tot $80 and t too for SBZl A tnt bit imtructioo transfers tho addressed CRU bit front tno 
Cfluiff input lino to bit 3 of tho tiatm rtqnter IEQUALI 

Tho TMS 9900 i ltn lopt t CRU-bn Mrm to. no angle-bit opor t tiOOT Iron tho CRU-bete address contunod in 
worhtpaco rtgiutr 17 and tho ugncd displacement count contented m tutt 8 through IS of tho instruction Tho 
displacement Mn two • comoiomont tddrottmq from ban mmui 178 bin Through Data plus 127 tutt Tho ban 
addratt from WtJ •> addtd to tfw uqred rtnplactmant specified in tho mtrruct on and ttta result it loaded onto tho 
addrau but. Fgatl lUuttrttti tna development of a tingle-bit CRU addratt. 

3 S MULTIPLE BIT CRU OPERATIONS 

Tht TM^ 9900 oerforms two muitipia tut CRU opatatiom ttcra commurucatrom legiuer (STCRI and load 
communication *egitt«t tLOCRl Both opttatiunt parform a data tramfaa from tht CRU to memory or from 
memory toCRU at itluitratad *n Figure $ Although tho ligurt illuttratat a full l&tut transfer operation any number of 
tutt from t through t6 may bo involved The l OCR inttrucnon larches a word from mam on* md ripit thifn it to 
tanatly trantfar t *» CRU output bn. It tht L 0 CR involve! tight or tawor bitt thorn btt coma from tne right imiitiad 
had within the adOrattad pytf of tha memory word tl the LDCR mvolvei nine or more bitt tliote but come from the 
•■gnt tuttified had withm the wnoia memory word Whan trantfarrad to tho CRU interface, each tutcsiuve bit rtcaivet 
an addrtit mat t teawntialiy 711*11 than tha addratt for tha pr-vious bit Tho addraaung mechanitm ratuftt in an 
irrter rtvartal u< ‘"a out mat n on 15 of tha memory word (or bit 71 become* me lowett oldratted bn m the CRU 
a**rt lul 0 Iw comet 'ha i>>gint aotfratiad bhn the CRU field 

An STCR intt*uct on namlert Oat. (*om me CRU to m»mn*v If rna ot<erat>on nvtivet a bye or '•« trantfar rh» 
antiei'Cii rata w ii be t'oiao * grt lutt-hed <•* tna mamory byte witn leading Oil* tat to mo If me ooaration invotvat 
* >m - • r to to Tilt me I'vi’timvo data it iroian ngnt iuiM.au in tha memory word w>tn leading bdt tat to taro 
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fCT TO ZERO 
TOR AIL CRU 

CM RATIONS 


crrccTivc cru bit adores* 


S MOO t*NOl(«IT CRU AOMItM OCV(LO 



N • BIT SFf CIFIID BY CRU UK ATGISTln 

nouns » - tms vmo locristcr data transurs 


Y/lt« 111* >m»l frum in* CRU dmcF n complrta. Itia first bil from thr CRU it tha fejtM<9n>fic*ni f»l oouiuin m |in 
immsi word Of bylt 

f •>.<< 6 Ulus tram how to <molem*m a 16-tnt mout and a 18-tnt output i»}nt»r in tha CRU mtarfac* CRU »lil>ni» 
•taordad at ntafled to implamant up to 256 Rich 16-tm mtatfaca tnjittait In system aoi)ii«siion nomm wily U» 
tint numoar of mtn lacy bits funded 10 intarfaca toacifie panphaial dual ait imoiemtnnrl II it not nrtmitiy In 
fit i« t 16-uil inttilaca lapisier to mttrfaca an 8-tni ««r 
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U TMS 8MB PIN DESCRIPTION 


Ttbto 2 Mkm TMS 9900 pin aagnmtnn and dnenbM tht funcMn o» tmti on. 
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its on rm taaumtum uto * uacrttM 
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2.9.3 CRU 


CRU inHfto riming a shown ffl Fgun tl The tmmg for Irntt^anon bits out *r» d ora (Ml in n Mm Theta 
transfers would occur during the execution ol a CRU imtruction The other eyelet o I the mttiuction erecuupn in not 
•dustrattd T(i output a CRU tut. the CRU bn xktini it plnd on the address txn AO throu0 AI4 arm id* actual bit 
date on CRUOUT Out mg the second dock cycle a CRU pulse n supplied 1 1 CRUCLK Thu process n repeated until 
(ha number o» piti speed dd by the instruction are completed. 

The CRU input operation is sunder m that the bn address appears on AO through AM Our mg the subteguent cede the 
TVS 9900 accepts the brt input oala as shown. No CRUCLK pulses occur dt*mg aCRU input operation 


3. TMS 9900 INSTRUCTION SET 

XI DEFINITION 

Each TMS 9900 instruction performs ora of I he following operations 

• Ai.thmetc. logical compantcn, or mampiilation operations on date 

• Loading or storage ol internal ragmen (program counter. wor*«aca pointer orttatusl 

• Oats transfer between memory and animal devices via the CRU 

• - Control functions 

' \ 

X3 ADDRESSING MODES 

TMS 9900 instructions contain a variety of avail able modes for a ddr ess mg random-memory data leg., program 
parameters ants flags), or formatted memory data (character strings, data lists etc ) The following figures graphically 
deaerate the derivation of the effective eddresa lor tech addressing mode The applicability of xddressinq inodes to 
particular instructions it described in Section 33 alogg with the description of tne operations performed by the 
instruction. The symbats following the names of the addresung modes |R. "R. "R». 9 LABEL, tsr 9 TABLE IRII are 
the general forme trad by TMS 9900 essembiert to select the addressing mode for regular R. 

lit WORKSPACE REGISTER ADDRESSING R 

Workspace Regular R contains tha operand 

ieCI-W" lawrucuaw l~W«JW»»4*-sJ O pa w ra 
. - ....... — I * 



33 2 WORKSPACE REGISTER INDIRECT ADDRESSING "R 


WorksBaca Rrgiter R contains the address ol the operand 


I ra p 


( 

lOA-W 
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U3 WORKSPACE REGISTER INDIRECT AJ JO INCREMENT ADDRESSING *R* 


Wotfcipjc* Pt^tttr R conu«m ih* Jddrvtt of ttw operand Afttr jcquinnq t t* oocvjntf th« content* of wOftip«c» 
regittrf R if# ncrementetf 
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224 SYMBOLIC (DIRECT) AOORESSINO • LABEL 

T)w «ort tadawng tfw ramjenan ecnum u« tddrta elOM opmnl 


UJ INDEXED AOORESSING 9 TABLE (Rl 


Tht vnoid follow ng tht untruction conttmt tht bat address Worktoact logitttt R contlim tht « 
sum of ifM bw addrttt and in* mdt* valua rttultt m M tff activt address ol tht ognind 


mda* value. Tht 


OHM— Of IduVVM 


9CI»»-o» Tabta 


124 IMMEDIATE ADDRESSING 


Tht word followed III* mttroetion contains tht ootrtnd 


KL* l urmtw 


UCI» 1 — •» OwW 


u> program counter relative addressing 


Tht 8-fxt signed displacement m tht njm byte Ibm 8 throu^t IS) ol tht instruction <> nwttiphtCJ Mr 2 and addtd to tht 
Updat'd conttnn of tht program counttt Tht result it ptaetd *t tht PC. 


op com otsp 


'~n: 



324 CRU RELATIVE AOORESSING 

9 

Tht 8 bit signed dnplactmtni m tht n0it byte of tht instruction it addtd to tht CRU bait address Ibitt 3 throuqh 14 
ol tht wcraiMoa register 12) Tht tttult it tht CRU addrttt of tht ttltcttd CRU bit 
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Oowil format 


Tin MS (Ml pumda itnftnXt modi addrtuing capability fernw nwci sgMtfaiAiM tnt'ftOP'tf ancutod. 
ST6 it itt ind tht foiUmnng tramftn ocas* I40 |q » 401 WPI 

Mlia*40l-|PC» 

• GA ~ (nt» WRI1I 

foldWP)-(n*wWRia) 

\0*dPCI-lntwWR!4| 

* (o*d$TI-frwwWR?5» 

Tht TMS 9900 dm not tttt rnitmjpt rtQwtm IINTREQ) upon comptjdon of tin XOP imtrucum 
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U3 CHU NMtipMH Imotaatfon* 


> t i i « i t t i » w n n w m n 

Oanocit format J OPCOOl [ c | ▼» 1 » 1 

Tho C laid tpacdia* th* itumbar el tat* to b* ttarafanad II C » 0 16 tat* anil be trarafarrad Th* CRU be* ngata 
(WR12. bit* 3 throutft 1*> datmai th* doling CRU tat addtatt Th* tan art linlinn) tar tatty and th* CRU mdiraii 
m c ierneot r d with aach tat tranttar. although th* content! of WR1 2 <t not affected T s and S provide multiple mod* 
addratsing capability lot tha touroa o parand II 8 ot teewr tat* ara tramtairad (C • * ttoougi 61 tha touroa oddrat* it a 
b»t* addrau If 9 or mor* tad ara tiantlarfM* (C • 0, 9 through 191. th* tours* addrau n a word addrtu II th* taurc* 
it add rat tad in the workload* regular mdiract auto increment moo*, th* workspace. ragntar It incremented tar 1 '1 
C ■ I through 8. and it incramentad tar 3 otharwn* 
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3.9.6 CRU Smgla-Bjt Initnietrana 
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SIGNED OlSPlACCMCNT 


CRU rafatno addrataing it used to t ddr a ta th* selected CRU tat 


NMIKONIC 

OPCOOC 

| STATUS 

WANING an 

AfrccTto 

DBeatPTKBl 


too 

0 0 0 1 t 10 1 

Sat tat to on* • 

Ui ft* trtactad CRU output Ut ro I 

tax 

0 0 C 1 1 1 1 0 

Set tat to aero { 

twPaiOKHfl CHU omprt bmoO 

TB 

00011111 

Tart til | 7 

If th# w+tnO CHU moot bti * 1 aa< $TJ 


33.7 Ju m p Instructions 


Canaral format 


oacoot 


I 


7 


Displacement 



Jump instruction! causa tha PC to h* loaded with the <*tua salactad bv PC tedtive addreuetg it th* but ot ST at* at 
Ipacilwd values Olhcrwis*. no ooatatiOn occurs and tha neat impuctiot is evecutsd since PC Domtt to the neat 
instruction The displacement field it e word count torn added to PC Thus, the ,ump instruction has* tange of 128 
to 137 welds from memory word add rest following tha pimp mstmction No ST bits ara affected by lump mttiuctiou 
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*JS.iO Iraral Rtfktw utod l, 


18 H «| M 


Gtntrt* tormat. 


' 08 CODE 


■08 


MNCMOme 

<* coo« 

Ml AN I CO 

ot actum on 


IWI 

UMl 

0 0 0 o 0 0 1 0 1 1 1 

Load wo>fc«wc* p>wm imumm 
L oad tut# mo< mam 

IV-WI HOSTM^VIM 
•O^.bEtt V2tfw 
f*rM STI1 


U.11 lateral Rtgrtttr (tort IratructMm 


Gmil toamtt I 0» code 

No ST bill art alftcttd. 


.-I - T - n 


tmtmoHK 

00 coos 

MOANING 

MsemmoM 

. o u ) n i 7 a t n 

rrsT 

PW 

0 0 0 0 0 0 1 0 f 1 0 
0000001010 1 

Stexa tuntt 

I*o»* fc vaca poMttt 



U.U RnntHMlMM nwn IHTHM lonttin a 

Gtrara) tormat | 0 | 0 j 3 | 0 | 0 1 0 i | i 1 I j 0 } 0~T 


M H 


Tht BTWP imtruction cautO the following irantltn to occur 
IWRI5I-ISTI 
CWR14I-IEC) 

IWRI3I-* CWP) 


U.11 EtttmtUnstnictioM 

8 1 « I « I E 1 » E W II II H H « 

Ctntrtl format ) OPCODE | «r 


Ekttrnal irtitiuctiont cautt lilt ttirta most significant *4ai«u Irnn IA0 through A7I to ot ttt to th* btlowOncubml 
Uvtli jrd Hit CRUCLK Imt to Dt pulsed. allowing paternal control tunc ti am to^t mit.attd 



MNCMQNtC 

08 coot 

r 

MI AN IMG 

STATUS 

airs 

AfflCTtO 


octetitnoN 

AOOfUSS 

BUS 



TO 

- - } 

AO 

AT 

A3 



I0LC 

0000001101 

0 

Id* 

- 


Swrano IKS 8900 

L 

H 

L 









mnnatxm* «**cut«o« wuit 





— 


— 

— 

• 



anwittmtn LOAD op | 












RESET accun 






' "RSET 

ooNoOn oi 

1 

Ram f 

11-15 f 

0- STl? Ittru $T|J 

C 

K 

H 

1 


c«o* 

0 0 0 0 0 0 1 1 1 1 

0 

um> 



7 

1 

N 

H 

c 

1 

C*CM 

0 C 0 0 0 0 1 1 1 o 

1 

UMt 0»*iA«J | 




M 

L 

N 

1 

iMf« 

^00 00 00 1 1 1 1 

1 

U«| IV wd f 

L 

J_ 

H 

H 

H 



in Ip 


i 

Icti- 







I 


• « - 



< 


ambus caoomcATroM - tabu a Anossra mooifkation - tapc* s 


aomuhmmom ’ 

(4. oca 
CVCLCI 
e 

•agacotv 
acc inn 

w 

WH tTg or Tp - 0O» 

0 

0 

NR rMi IT* «» T 0 - Oil 

4 

1 

wn «d>ivct Arts- 



■411—1 fTf or Tp« III 

• 

> 

tlMCnlif ITgorTp- 10. 



for 0-01 

• 

1 

tnda*ad ITf or To • 10. 



tor 0*01 

s 

> 


| CLOCK 

AOOMSSOaonOM CVCLCE 

. e 

trap** 

Accent 

M 

• iw rr» » t 0 - o» 1 o 

0 

1 gg«A«a tT| or Tp « Oil 4 

f 

| M«d«RM» j 


«oyw IT| or Tp - tit ' 1 

1 

Mtg« ITgoi Tp - ID. j 


4 Or 0 - 01 I ■ 

« 

fadM«*fT 8 or Tp- 10. 


8 or 0 • 01 j 0 

> 


At an iwnHi. tha instruction UOVB u wad m giyittm «rth tcfoi-aSSSjaandnowait ttatnararapuirad togrctts 
mg mo nr Both opt rands «r« addrgaad us tfa urofkspaoa rtgntgr mod* 

T * «e»l *C ♦ W*MI • 0 333 114 ♦ 0*4) p* • 4 663 in 

It two wait turn ptr mtmoty eoctu ware required, tha • neutron urn* a 

T > 0 333 (14 * 2*41 pi • 7.336 m. 

II tha nua optrinO ms addressed us Um tynttolictnodtind mm iuw«n required 

T • tc(dl (C ♦ W*MI 
C • 14 *8* 22 

M«4*l - 6 a 

T • <7.333 (22 ♦ 2*5) ps " tOGSSm. 


4 . TMS 8909 ELECTRICAL AND MECHANICAL SPECIFICATIONS 


4.1 ABSOLUTE MAXIMUM RATINGS OVER OPERATING FREE-AIR TEMPERATURE RANGE 
(UNLESS OTHERWISE NOTED)* 


Supply votuga, VgC (»• Not* II 
Supply voltage. Vod (>gg No»g 1) 
Supply yottggg, V;s l»N«i II 
AU input voltages (ig* Not* II 
Output yottggg («>tti irseect to Vssl 
Continuous ponvgr die nation 
Operating tregaii ISfnpgfiiuig langa 
Stottgg tampgtatutg tange 


. - 0 J to 70 V 
. -0.3 to 70 V 
. -0 3 to 20 V 
. 0 J to 70 V 


-2 V to 7 V 


. 1 2W 

0 C to 70 C 
-55 C to ISO C 


-Sirenat erro-u ami hiiaa mm 

l«A(l4A|i X H UliQA Q 1 I** I 
•f«<OR «l (1)4 K4oU*l>OA 4 not X 
Mm t Und«* MfllgW mstii 

"OtM T»fM|( WR t *m * 



t to V tt 


TM g> • «**•« «|tMf OAtg |M 

OuHEtM^ C*n>t i um 

•»•#» t 48a«t it m» iig 
Vfll M4K Oimnnof 
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An2903 

lha following material describes the Aa2903 four-bit bipolar 

V - 

mleroproceuoor slice presently being sampled by Advanced Micro Devices. 
The device is an extension of Am2901A and should be In production later 
this year. 


t 
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TBS NEXT GENERATION FOUR-BIT BIPOLAR MICROPROCESSOR SLXCT — 

THE AB2903 


ORIGINAL PAGE IS 
O 9 POOR QUALITY 


Vernon Coleman 
Michael W. Eeonomidis 
.William J. Harmon Jr. 

Advanced Micro Oevicee 
901 Thompson Place 
Sunnyvale, CA. 94086 


INT? r ■■ AUCTION 

Am2903 ia the next generation 
bis<> * r microprocessor slice.* The 

- performs all functions performed 
by . . industry standard Am2901A and, 
-tion, provides a number of sig- 
nify enhancements that are especially 
use? • in arithmetic-oriented processors. 
Inf; * r -ely expandable memory and three- 
OQ , 2 • nree-address architecture are 

Ijf*.. • -.d by the Am2903. In addition 
complete arithmetic and logic 
ins" -'-tion set, the Am2903 provides 
a g -~ - _al set of instructions which 
f ic ' >.ate the implementation of multi- 
plier'- 00 * division, normalization, 

*.er previously time consuming 
gpe*< — ons. 

OU-5-, NOINO FEATURES 

g X p. ..c oble Register File - Like the 

' A, the Am2903 contains 16 internal 
wor/' J -'l registers arranged in a two- 
add'"* architecture. But the Ara2903 
inc, the necessary "hooks" to 

exp*" : the register file externally 
to «' / number of registers. 

Bui l” i n Multiplication Logic - Perform- 
i n g - .Itiplic- tion with the M&2901A 
re q , /«rs a ft, external gates— these 
_ a , A . are contained on-chip in the 

Three special instructions are 
use*) ”' c unsigned multiplication, tv/o's 
cor^>*- iUent multiplication, and the 
las* * /cle of a two's complement irulti- 
pl i' » 1 1 on. 

B .j,, i n Division Logic - The An2903 
con* all logic and ir.tercornects 

g or ...... out ion of a non-restoring, 

mul • • :•! e-length division with correction 
Q f .... quotient. 


flags indicate when the operation ia 
complete. 

Built-in Parity Generation Circuitry - 
The Am2903 can supply parity across the 
entire ALU output for use in error 
detection and CRC code generation. 

Built-in Sign Extension Circuitry - To 
facilitate operation on different length 
two's complement numbers, the Am2903 
provides the capability to extend the 
sign at any slice boundary. 


ARCHITECTURE OF THE Ara2903 

The Am."903 is a high-performance, 
caseadable, four-bit bipolar micropro- X — N 
cessor slice designed for use in CPU's,; J 
peripheral controllers, microprograrmabr*— X 
machines, and numerous other applications. 
The microinstruction flexibility of 
the Am2903 allows the efficient emula- 
tion of almost any digital computing 
machine. The nine-bit microinstruction 
selects the ALU sources, function, 
and destination. The Am2903 is cascad- 
able with full lookahead or ripple 
carry, has three-state outputs, and 
provides various ALU status flag outputs. 
Advanced Low-Power Schottky processing 
is used to fabricate this 48-pin LSI 
circuit. 

All data paths within the device are 
four bits wide. As shown in the block 
diagram, the device consists of a 16- 
word by 4-bit, two-port RAM with latches 
on both output ports, a high-performance 
ALU and shifter, a multi-purpose Q 
Register with shifter input, and a 
nine-bit instruction decoder. 

Two-Port RAM 


3'i • '* Normalization Logi c - The Am2903 

.Itaneously shift tne 0 Register 
ar , i nt m a working register. Thus, 
••'•■a anti opponent of a floating 
. j, . * <Ser -an be developed using a 
5 lr , . ricroc'de per snift. Status 


Any t’/o RAM words addressed at the A 
and B address ports can be read simul- 
taneously at the respective RAM A and ^ 

B outpi.r poets. Identical data appears 1 

at the two output ports when the sane 
address is applied to both address 

?‘V</ 
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A*2903 BLOCK 01 ABRAM 



ports. The latches at the RAM output 
ports are transparent when the clock 
input, CP, is HIGH and they hold the RAM 
output dat a when CP is LOW. Under control 
of the OEg three-state output enable, 

RAtl data can be read directly at the 
An2903 DB I/O port. 

External data at the Am2903 Y I/O 
port can be written directly into the 
RAM, or ALU shifter output data can 
be enabled onto the Y I/O port and 
entered into the RAM. Oata is written 
into the RAM at the 0 address when 
the write enable input, V.L, is LOW 
and the clock input, CP, is LOW. 

Ar 1 th-.ot ic t-iQic Unit 

The Am2903 high-perfornance ALU 
can perforr. seven arithmetic and nine 


logic operations on two 4-blt operands 
Multiplexers at the ALU inputs provide 
the capability to select various pairs 
of ALU source operands. The Ca input 
selects either the DA external data 
input or RAM output port A for use as 
one ALU operand and the <5 e"q and 1 q 
inputs select RAM output port B, DB 
external data input, or the Q Register 
content for use as the second ALU 
operand. Also, during some ALU opera- 
tions, zeroes are forced at the ALU 
operand inputs. Thus, the Am2903 ALU 
caii operate on data from two external 
sources, from an inter-.al inJ exterral 
source, or Iron two internal sources. 
Table I shows all possible pairs of 
ALU so urce operands as a function o: 
the Ea, OEfj, and Iq irputs. 

When instruction bits 14, I3, I2. Ii 










flt fl OPERAND SOURCES 




Ea 

*0 

OE„ 

ALU OPERAND R 

ALU OPERAND S 

L 

L 

L 

RAM Output A 

RAM Output B 

L. 

L 

H 

RAM Output A 

DB 0 _3 

L 

8 

X 

RAM Output A 

Q Register 

H 

L 

L 

OA 0 -3 

RAM Output 8 

H 

L 

H 

DAo-3 

DB 0-3 

H 

H 

X 

OAO-3 

0 Register 

L » 

LOU 


H - HIGH X 

» Don't care 


TABLE I 


ani l0 are LOW, the Ara2903 executes 
special functions. Table 4 defines 
these special functions and the opera- 
tion vhich the ALU performs for each. 
When the An2903 executes instructions 
other than the nine special functions, 
the ALU operation is determined by 
instruction bits I 4 , I 3 , l 2 » and Ij. 
Table 2 defines the ALU operation as 
a function of chese four instruction 
bits. 

Am2903's may be cascaded in either 
a ripple carry or lookahead carry 
fashion. When a number of Ara2903's 
are cascaded, each slice must be 
programmed to be a most significant 
slice (MSS) , intermediate slice (15) , 
or least significant slice (LSS) of 


ALU FUNCTIONS 



Hex Code 

ALU Functions j 

LIU 

0 


Soecial Functions 




Fi-HICII 

L L L H 

1 

F*S Minus R Minus 1 Plus C n 

L L II L 

2 

-F*R Minus S Minus 1 Plus C„ 

L L H H 

1 

F“R Plus S Plus C n 

L H L L 

« 

F-S Plus C n 

L H L H 

S 

r-s Pius c n 

L H H L 

6 

F-R Plus C n 

L H It H 

7 

F-R Plus C n 

H L L L 

8 

F l "LOM 

H L l H 

9 

F 1 -R l 

AND 

H L H L 

A 

Fi-Ri 

EXCLUSIVE OR St 

H L H II 

B 

r,-R, 

EXCLUSIVE OR S. 

* V. 

f i j i 

1 

•1 •» : m 

0 

F 1 -R l 

'.OP S Y 1 

(f H rl L 

£ 

r i**i 

NA\a Si j 

• {ii 

* 


O 

L • U.W 

H 

* It tCH 

l • 0 to J j 



TABIC 

2 


2 


1 


the array. The carrygenerate, G. 
and carry propagate, P, signals « 

required for a lcokahead carry scheme 
are generated by the Am2903 and are 
available as outputs of the least 
significant and intermediate slices. 

The Am2903 also generates a carry-out 
signal, C n+< j, whicn is generally avail- 
able as an output of each slice. Both 
“the carry-in, C n , and carry-out, C n + 4 , 
signals are active HIGH. The ALU 
generates three other status outputs. , 
These are sign, Sj overflow. OVR; and 
sero, Z. The S output is generally 
the most significant (sign) bit of 
the ALU output and can be used to 
determine positive or negative results. 
The OVR output indicates that the 
arithmetic operation being performed 
exceeds the available two's comple- 
ment number range. The S and OVR 
signals are available as outputs of 
the most significant slice. Thus, 
the multi-purpose 5/S and P/OVR outputs 
indicate 5 ~nd F at the least signifi- 
cant and intermediate slices, and sign 
and overflow at the nest significant 
slice. Z is an open-collector input/ 
output pin and can be wire OR'ed 
between slices. As an output, it / 

generally indicates that the Y 0-3 f 

outputs are all LOW and can be used ' 
as a zero detect status flag. To 
some extent, the meaning of the Cn+4, 
P/OVR, S/S, and Z signals vary with 
the ALU function being performed. 

Refer to Table 5 for an exact defini- 
tion of *-hese four signals as a function 
of the ' .903 instruction. 

ALU Shifter 

Under instruction control, the ALU 
shifter passes the AL'J output (f) 
non-shifted, shifts it up one bit posi- 
tion ( 2 F),or shifts it down one bit 
position (F/ 2 ) . Both arithmetic and 
logical shift operations are possible. 

An arithmetic shift operation shifts 
data around the most significant (sign) 
bit position of the most significant 
slice, and a logical shift operation 
shifts data through this bit position 
(see Figure A). SIOo and SIO3 arc 
bidirectional serial shift inputs/ 
outputs. During a shift-up operation, 
SIC© is generally a serial shift i-uc 
and SIO3 a serial shift output. During 
a shift-down operation, SIO3 is gener- 
ally a serial shift input and SIOo 
a scnai shift output. 

To some extent, the meaning of the 
SIOo and SIO3 signals is instruction 

if 
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Figure A. 


dependent. Refer to Tables 3 and 4 for 
an exact definition of these pins. 


The ALU shifter also provides the 
capability to sign extehd at slice 
boundaries. Under instruction control* 
the SIOo (sign) input can be extended 
through YO, Yi, Yj, Y 3 and propagated 
to the SIO 3 output. 



A cascadable, five-bit parity 
generator/checker is designed into 
the Am2903 ALU shifter and provides 
ALU error detection capability. Parity 
for the Fo. Fi. F 2 » F 3 ALU outputs 
and SIO 3 input is generated and, 
under instruction control, is made 
available at the SIOo output. Refer 
to the Am2903 applications section for 


a more detailed description of the 
Aa2903 sign extension and parity genera- 
tion/checking capability. 

I 

The instruction inputs deter- 
mine the ALU shifter operation. 

Table 4 defines the special functions 
and the operation the ALU shifter per- 
forms for each. When the An2903 
executes instructions other than 
the nine special functions, the ALU 
shifter operation is determined by 
instruction bits Igl7X$Zs. Table 3 
defines the ALU shifter operation as 
a function of these four bits. 

Q Register 

The 0 Register is an auxiliary four- 
bit register which is clocked on the 
LOW-to-HIGH transition of tne CP input. 
,Xt is intended primarily for use m 
multiplication and division operations* 
however, it can also be used as an 
accumulator or holding register for 
some applications. The ALU output, F, 
can be loaded into the Q Register, 
and/or the Q Register can be selected 
as the source for the ALU S operand. 

The shifter at the input to the 0 
Register pro-'ides the capability to 
shift the Q Register contents up one 
bit position ( 2 Q) or down one bit 


*8l7*«*5 

Hex 

Coda 

ALU Shifter 
function 

SIOo 

SIOj 


Q Beg t 
Shifter 
Function 

QIO 0 

0IOJ 

Moot Sig. 
Slice 

Other 

Slices 


WRITE 

L L L L 

0 

Anth. F/2-*Y 

FO 

Input 

Input 

L 

Hold 

Z 

z 

L L L H 

1 

Log, F/2— *Y 

l£ 

Input 

Input 

L 

Hold 

Z 

z 

L L H L 

2 

An in. f/2-»y 

FO 

Input 

Input 

L 

Log. 0/2— >0 

Co 

Irput 

L L H H 

3 

Log. F/2-*Y 



Input 

Input 

L 

Log. 0/2-W 

Co 

Input 

L H L L 

« 

F-»Y 

Parity 

Input 

Input 

L 

Hold 

i 

Z 

L H L H 

5 

F-*Y 

Parity 

Input 

Input 

H 

Log. 0/2-10 

c 0 

Inaut 

L H H L 

« 

F — )Y 

Parity 

Input 

Input 

H 

F— *Q 

z 

l 

L H H H 

7 

F— )Y 

Parity 

Input 

Input 

L 

F-4Q 

z 

H? 

H L L L 

8 

Anth. 2F-9Y 

Input 

F 7 

Fj 

L 

Hold 

z 


H L L H 

9 

Log. 2F— *Y 

Input 

r 3 

Fj 

L 

Hold 

z 

z 

H L H L 

A 

Anth. 2F—9Y 

Input 

F? 

Fj 

L 

Log. 2Q-»0 

Input 

Oj 

II L H H 

8 

Log. 2F->Y 

Input 

- 

Fj 

L 

Log. 20-»0 

Input 

Qi 

H H L L 

C 

F-»Y 

Z 

F 3 

F i 

H 

Hold 

* 1 * 

II 1 L II 

0 

F-*Y 

z 

F J 

f 5 

H 

Log. 20— *0 

ii put ! Oi 1 

! H H H L 

E 

S:O 0 -*\ 0 .Yl.Yl.Yj 

Input 

SIOo 

SIO 0 

L 

Hold 

: l ; 1 

H *1 H H | F 

F-*Y 

Z ~] 

r J 


LJ 

Hold 

J Li i 


Parity • FjVFjVriVfgVSIOj V » Exelunv,* OB 

L • LOW H * II X Oil Z » High I-piJance 



TABLE 1 : ALU PEST I NAT 10*1 COvmOL TOB 1 3 or I t or I ? or I, or tj » HIC«, TTi • LOW 
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SIOj 
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Hex . 
Code 

StoacUl 

FiirctAcn 

ALU FUTEtien 

AUJ Shifter 
Function 

SIOo 

Hist Sig. 
Slice 

Other 

Slices 

0 tog t 
Shifter 
Function 

8 

0 

GIOj 

VRlTt 

L L 

X 

0 . 1 

- 

Untiqnod ml tipi y 

r-S*C B If t»L 
!WR*S«Cn if Z»H 

Log. F/2-»Y 
(Note 1) 

FO 

I 

Input 

log. Q/2-4Q 

00 

Input 

»• ! 
1 

Tl 

# X 

2.1 

two's osplonent 
mltiply 

F-S«C n if I*L 
F»ft+S*C n if Z«« 

Log. F/2-SY 
(Note 2) 

FO 

t 

Input 

Log. Ott-K) 

Co 

Input 

u j 
1 

L K 

. L 

4 

Increment by 
One or Two 

f^S*l*C„ 

f-»» 

Rarity 

Input 

Input 

Hold 

z 

n 

L 

, 

Th 

. H~ 

‘ 

Slgn/Magxutude- 
iwo's Caiplement 

FwfKt. if >L 
F*<S*C n if X-H 

F-4Y 

(Note J) 

Parity* input 

i 

Input 

Hold 

z 

z 

1 

fc ( 

}Th 

I 

• X 

6* 7|TWO*» Corpl«ncnt .F-SHTn if Z*L 

HjlUply. .r^S-R-lKn if t«H 

(Correct ion 

Log. F/2— »Y 
(Note 21 

FO 

z 

Input 

log. Q22-JQ 

00 

injsit; 

L . 
- 1 

1 

nr 

1 

/ 

8, 9, Single Lefvsth 

ii<omili30 j 

F— >Y 

l 

Fj 

Fj 

Log. 2Q-4Q 

Input 

* 

*■ 1 

;*» 

1 

. x ,A. B Double Length 

« 'Normal tie and * 

! 'First Divide Op. 

fwS«C n 

log. ir->Y 

Input RjVFj 



Fj .tog. 2<HQ 

Input 

Oi 

L 

1 

fr. 

4 

C. D Two's Ccrpleeent 
Divide 

FwS«R*Cn if Z-L 
r-S-R-l*C n If 

Log. 2F-»Y 

Input 

RJVFJ 

FJ 

log. ZMQ 

Input 

Qj 

L 

K » 
1 


-E, F 1 IMS's OotiplOTent if Z»L 

•Divide, Correction P«S-R-l«C n if 
land Remainder ; 

F-SY 

1 

Fj 

* 

1 

Log. 20-40 

Input 

Qj 

1 

L • 


•at 


Parity ■ SIOi.FxVTyVT-.VTft 


. At th* east significant slice only, the Cn*« signal is internally gated tn the Yj output. 

jgr,. < At tie nest significant slice only. Fj v CVR is internally gated to the Yj output. 

Kpi 1: Xt the eat significant slice only, Sj V Wit is generated at the Yj output. 

twm 4 

special mcnasi in ■ ii ■ i? • ii ■ ta ■ tow, IeT - um 




posi- od ( 0 / 2 ). Only logical shifts 
-j\ r formed. OIOo and QIO3 are 
bid 1 ' ,:tlonal shift serial inputs/ 
out p . s. During a Q Register shift- 
up r , ^ ration, QIOo is a serial shift 
inpu- and Q103 is a serial shift output. 
Duri'V a shift-down operation, QIO3 is 
a s „. al shift input and QIOo is * 
seri'- shift output. 


0 ,, . . le— length arithmetic and logical 
shif* ,ia capability is provided by 
t ho >-< 2901 . The double-length shift 
is .. . 'orned by connecting OIO3 of 

,t significant slice to SIOo of 
t hf. . • ast significant slice, and 
ox”' • n 1 an instruction which shifts 
bo . . 1 •• ALU output and the Q Register. 


I 8 I 7 I 6 I 5 . Table 3 defines the Q 
Register and shifter operation as a 
function of these four bits. 

Output Buffers 

The OB and Y ports are bidirectional 
1/0 ports driven by three-state output 
buffers with external output enable 
controls. The Y out put buffers are 
enabled when the OEy input is LOU and 
are in the high-impedance state when 
OEy is HICK. Likewise, the DB output 
buffers are enabled when the OEq is 
LOW a nd m the high-impedance state 
when 6 E b is HIGH. 

Instruction Decod e r 


T* 



•J Register and shifter are con- 

m t sue* ion inputs . 

. •.<<■, <,,•.; the Am^OOI special 

. and the o;*eraticn*v which the 
•••r mil shitfor perforn tor 

. • |.e \-i.* • 1 l tnt, . tt. . I -no 

•• r than the r.in<< <neci.il tu ic- 
<j Rcgutor ard shittcr operation 
•> 1 1 _ i *<v instruction b.ts 


The Instruction Decoder generates 

re.<nr.*.l internal control sicrals as 
a tunrtion ot the nine Instruction 
inputs._l.3_g; thc_lnstructicn Enable 
input, I t'M: the LSS input; and the 
Lit I Fr .*’.•• mput/cutaut. 


The WRITE output is LOW when an 
instruction which writes data into 

y 
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the RAM is being executed. Refer 
to Tables 3 end 4 for a definition of 
the write output as a function of tho 
Am2903 instruction inputs. 


When IEN is HIGH, the WRITE output 
is forced HIGH and the Q Register and 
Sign compare Flip-Flop contents are 
preserved. When IEN is LOW, the WRITE 
output is enabled and the Q Register 
and Sign Compare Flip-Flop can be 
written according to the Axn2903 ins true- 
tion. The Sign compare Flip-Flop is 
an on-chip flip-flop which is used 
during an Am2903 divide operation (see 
Figure B) . 


Programming the Am2903 Slice Position 

Tying the LSS input LOW programs the 
•lice to operate as a least signi ficant 
slice (LSS) and enables the w rit e 
output signal onto the WRITE/ MSS 
bidirectional I/O pin. When LSS is 
tied HIGH, the MRiTE/SSs pin becom es 
an input pin; tying the write/mss 
pin HIGH programs the slice to operate 
as an intermediate slice (IS) and 
tying it LOW programs the slice to 
operate as a most significant slice 
'(MSS). 
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Am2903 SPECIAL FUNCTIONS 

The Am2903 provides nine Special 
Functions which facilitate the imple- 
mentation of the follovfing operational 

*Single>and Double-Length Normalization 

‘Two's Complement Division 

‘Unsigned and Two's Complement Multi- 
plication 

‘Conversion Between Two's Complement 
and Sign/Magnitude Representation 

* Incrementation by One or Two 

Table 4 defines these Special Functions. 

The Single-Length and Double-Length 
Normalization functions can be used 
to adjust a single-precision or double- 
precision floating point number in 
order to bring its mantissa within a 
specified range. 

Three Special Functions which can 
be used to perform a two's complement, 
non-restoring divide operation are 
provided by the Am2903. These functions 
provide both single- and double-precision 
divide operations and can be performed 
in "a" clock cycles, where "n" is the 
number of bits in the divisor. 

The Unsigned Multiply Special Function 
and the two Two's Complement Multiply 
Special Functions can be used to 
multiply two “n“ bit, unsigned or 
two's complement numbers, respectively, 
in “n” clock cycles. These functions 
utilize the conditional add and shift 
algorithm. During the last cycle of 

• • ,.p.t multiplication, a 

c;r!it:onil subtraction, rather than 
»., ‘itun, n performed because the sign 

U. hi* of the multiplier carries negative 

' * • v * 

The Sign/Magnitude-Two's Complement 
Special Function can be used to convert 


number representation systems. A 
number expressed in Sign/Magnitude 
representation can be converted to 
the Two's Complement representation, 
and vice-versa, in one clock cycle. 

The Increment by One or Two Special 
Function can be used to increment an 
unsigned or two's complement number 
by one or two. This is useful in 16- 
bit word, byte-addressable machines, 
where the word addresses are multiples 
of two. 

Refer to Am2903 applications section 
for a more d* tailed description of 
these Special Functions. 


PIN DEFINITIONS 



* 0-3 


® 0-3 


HE 
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PFb 

Cn 
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0 * 0-3 


EX 


OBo-3 


Four RAM address inputs which 
contain the address of the RAM 
word appearing at the RAM A 
output port. 

Four RAM address inputs which 
-contain the address of the RAM 
word appearing at the RAM B 
output port and into which new 
data is written when the (7E 
input and the CP input is LOW. 

The RAM write enable input. If 
ffS is LOW, data at the Y I/O 
port is written into the RAM 
when the CP input is LOW. When. 

HP Is HIGH, writing data into 
the RAM is inhibited. 

A four-bit external data input 
which can be selected as one 
of the Am2903 ALU operand 
sources^ DAq is the least signi- 
ficant bit. 

A control input which, when HICH, 
selects DAq- 3 and, when LOW, 
selects RAM output A as the ALU 
R operand. 

A four-bit external data Input/ 
output. Under control of the OEn 
input, RAM output port B can be 
directly read on these lines, or 
input data on these lines can be 
selected as the ALU S operand. 

A control input which, when LOW, 
enables RAM output B onto the 
DBo-j lines and, when HIGH, 
disables tne RAM output B tn- . 
state buffers. ^ 

The carry-in input to the Am2903 w ' 
ALU. 


\ 



r~\ “i 



X0-8 


IEN 


c n»4 


G/S 


P/OVR 



2 


The nine instruction inputs 
used to select the Am2903 OfSti* 
tion to be performed. 

The instruction enable input 
which, when LOW, enables the 
Write! output and allows the 0 
Register and the Sign Compare 
flip -flop to be w ritte n. When 
TEH is HIGH, the WHITE output 
is forced HIGH and the Q 
Register and Sign Compare flip- 
flop are in the hold mode. 

Thi 9 output generally indicates 
the carry-out of the Am2903 
A to. Refer to Table S for an 
exact definition of this- pin. 

A multi-purpose pin which _ 
indicates the cjjrry generate, G, 
function at the least significant 
and intermediate slices, and 
generally indicates the sign, 

S, of tho ALU result at the most 
significant slice. Refer to 
Table 5 for an exact definition 
of this pin. 

A multi-purpose pin which indi- 
cates the carry propagate, P, 
function at the least signifi- 
cant and intermediate slices, 
and indicates the conventional 
two's complement overflow, OVR, 
aignal at the most signii leant 
slice. Refer to Table 5 for 
an exact definition of this 
pin. 

An open-collector input/output 
pin which, when HIGH, generally 
indicates the Yo -3 outputs are 
all LOW. For some Special 
Functions, 2 is used as an input 
pin. Refer to Table S for an 
exact definition of this pin. 


enables the WHITE output onto 
the WRITE/H55 pin. When E3E — * 

is tied HIGH, the chip is pro- 
grammed to operate as either an 
intermediate o r mos t significant 
slice. and the WRITE output 
buffer is disabled.' 

WHITE/ When EES La tied LOW, tho WRITE 

MSS output si gnal a ppears at this 
pin; the WRITE signal is LOW 
when an instruction which writes 
data into the RA M i s being 
execut ed. When L&S is tied 
HIGH, WRITE/ RSE is an input 
pin; tying it HIGH programs 
the chip to operate as ari 
intermediate slice (IS) and 
tying it LOW programs the chip 
to operate as the most signi- 
ficant slice (MSS) . 

Yq _3 Four data inputs/outputs of 

the A&2903. Under control of 
the OEy input, the ALU shifter 
output data can be enabled onto 
these lines, or these lines 
* can be used as data Inputs when 
external data is written directly 
into the RAM. 

OEy A control input which, when 

LOW, enables the ALU shifter •> 

output data onto the Y 0-3 
lines and, when HIGH, disables 
the Yq -3 three-state output 
buffers. 

CP The clock input to the Am2903. 

The Q Register and sign Compare 
flip-flop are clocked on the 
LOW-to-HIGH transition of the 
CP signal. When enabled by WE, - 
data la written in the RAM 
when CP is LOW. 


SIOo* Bidirectional serial shift 
SIO3 inpucs/outputs for the ALU 
shifter. During a shift-up 
operation, SIOo is an input 
and SIO3 an output. During a 
shift-down operation, SIO3 is 
an input and SIOo is an output. 
Refer to Tables 3 and 4 for an 
exact definition of these pin3. 

QIOo, Bidirectional serial shift 
010 j inputs/outputs for the Q shifter 

whicr. operate liko GtOo GlOj 
Refer to Tables 1 and 4 for an 
exact definition of these j.ms. 

Li,S An input pin which, when tied 
LOW, programs the chip to act 
as the least significant slice 
(I.SS) of an Am2903 array and 


An2903 APPLICATIONS 

The Am2903 is designed to he used In 
microprogrammed systems. Figuie 1 
illustrates a recommended architecture. 
The control and data inputs to the 
An»2903 normally will all come from 
registers clocked at the same time as 
the Am2903. The register inputs come 
from a ROM or PROM — the “microprogram 
store”. This memory contains sequences 
of microinstructions which apply the 
proper control signals to the Am2903*s 
and other circuits to execute the 
desired operation. 

2 The address lines of the microprogram 

8 store are driven from ►ne Am2‘<10 Micro- 
program Sequencer. Th_s device has 
facilities for storing an address. 


'< 1 
. » * ’ 
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Figm 1. Typical Microprogram Architecture 


incrementing an address, jumping to 
any address, and linking subroutines. 
The Am2910 is controlled by some o£ 
the bits coming from the microprogram 
store. Essentially, these bits are the 
“next instruction" control. 


Note that with the microprogram 
register in between the microprogram 
memory store and the Am2903's. a 
microinstruction accessed on one 
cycle is executed on the next cycle. 

As one microinstruction is executed, 
the next microinstruction is being 
read from microprogram memory. Zn 
this configuration, system speed 
is improved because the execution time 
in the Am2903's occurs in parallel 
with the access time of the micro- 
program store. Without the "pipeline 
register", these two functions must 
occur serially. 


Expansion of the Am2903 

The Am2903 is a four-bit CPU slice. 

Any number of Ara2903*s can be inter- 
connected to form CPU's of 8, 16, 32, 
or more bits, in four-bit increments. 
Figure 2 illustrates the interconnection 
of four Am2903's to form a 16-bit CPU, 
using ripple carry. 

With the exception of the carry inter- 
connection, all expansion schemes are 
the same. The QIOj and SIOj pins 
are bidirectional Ieft/right shift 
lines at the MSB of the device. For 
all devices except the most significant, 
these lines are connected to the 
QZOo and SXOo pins of the adjacent 
more significant device. These con- 
nections allow the Q Registers of all 
Affl2903's to be shifted left or right 
as a contiguous n-bit register, and 
also allow the ALU output data to be 
shifted left or right as a contiguous 
n-bit word prior to storage m the RAM. 
At the LSB and MSB of the CPU, the 
shift pins should be connected to a 
shift multiplexer which can be con- 
trolled by the microcode to select 
the appropriate input signals to the 
shift inputs. 

Device 1 has been defined as the 
least significant slice (LSS) and its 
ESS pin ha3 accordingly been grounded. 
T he W ri te/M ost Significant Slice 
(WRITE/MSS) pin of device 1 is now 
defined as being the Write output, 
which may now be used to drive the 
write enable (WE) signal common to 
the four devices. Devices 2 and 3 are 
designated as inte rmedi ate slices and 
hence the LSS and WftlTE/flSS' pins are 
tied HIGH. Device 4 is designated 
the most significant slice (MS S) wi th 
the LSS pm tied HIGH and the WRITE/ 
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RS5 pin held LOW. The open collector,, 
bidirectional 2 pine are tied together 
for detecting zero or for inter-chip 
communication for some special instruc- 
tion. The Carry-Out (C n + 4 ) is connected 
to the Carry-In (C n > of the next chip 
in the case of ripple carry. For a 
Caster carry scheme# an Am2902 may be 
employed (as shown in Figure 3) such 
that the G and P outputs of the Am2903 
are connected to the appropriate G 
and P inputs of the Am2902, while the 
C n +x* Cn+y> and Cn+ = output 8 of the 
Am2902 are connected to the C n input 
of the appropriate Am2903. Note that 
G/S and P/OVR pin functions are device 
dependent. The mo 3 t significant slice 
outputs_S and_OVR while all other slices 
output G and P. 

The XCN pin of the Am2903 allows 
the option of c ond itional instruction 
execution. If IEN is LOW, all internal 
clocking is enabled, al'.owinq the 
lat che s, RAM, and Q Register to function. 
If IEN is HIGH, the RAM and 0 Register 
ace di sabled. The RAM is controlled 
by IEN if RE is connected to the ffREfE 
output. 


It would be appropriate at this point 
to mention that the Am2903 may be micro- 
coded to work in either two- or three- 
address architecture modes. The two- 
address modes allow A+B-9B while the 
three-address mode makes possible A+3-*C. 
Implementation of a three-address 
architecture is made p oss ible by 
varying the timing of IEN in relation- 
ship to the external clock and changing 
the B address as shown in Figure 4. 

This technique is discussed in mora 
detail later in this paper. 

Parity 

The Am2903 computes parity on a chosen 
word when the instruction bits 15.9 
have the values of 4 19 to 739 as shown 
in Table 3. The computed parity is 
the result of the exclusive OR of the 
individual ALU outputs and SIO 3 . Parity 
output is found on S10o» Parity 
between devices may be cascaded by the 
interconnection of the SIOq and SIO 3 
ports of the devices as shown in Figure 
3. The equation for the parity output 
at SIOo port of the device 1 is given by 
SI0 0 «Fl5® F 14 ® F 13 ® . . . © Fx Q F 0 ® SI0 15 . 
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Figure S. Sign Eitand 



Sign Km tend 

Sign extend across any number of Am2903 
devices can be done in one microcycle. 
Referring again to the table of instruc- 
tions (Table 3) , the sign extend 
instruction (Hex instruction E) on 15-g • 

causes the sign present at the SIOo 
port of a device to be extended across 
the device and appear at the SIO3 Dort 
and at the Y outputs. If the least 
significant bit of the instruction 
(bit I5) is HIGH, Hex instruction F 

is present on Is-g, com* r.tding a shifter, 
pass instruction. At this time, F3 of 
the ALU is present on the SIO3 output 
-pin. It is then possible tu control the 
extension of the sign across chip boun- 
daries by controlling the state of I5 
when Ig_g are HIGH. Figure 5 outlines 
the Am2903 in sign extend mode. With 
Ig.g held HIGH, the individual chip sign 
extend is controlled by Ija-d* If. for 
example, Is a and 155 are HIGH while Is c 
and Isd are LOW, the signal piesent at 
the boundaries of devices 2 and 3 (F3 of 
device 2) will be extended across devices 
3 and 4 to the SIO3 pin of device 4. 

The output of the four devices will be 
Available at their respective Y data 
ports. The next positive edge of 'he 
clock will load the Y outputs into the 
address selected by the B port. Hence, 
the results of the sign extension is 
stored in the RAM. 

SPECIAL FUNCTIONS 

When Io-4 a O, the Am2903 is' in the 
*> il F , ir<-*-ion In this -ode. 


Ho tmail ration. Single- and Double-Length 

Normalization is used as a means of 
referencing a number to a fixed radix 
P®i“t. Normalization strips out all 
leading sign bits such that the two 
bits immediately adjacent to the radix 
point are of opposite polarity. 

- Normalization is commonly used in 
such operations as fixed- to-floating 
point conversion and division. The 
Am2903 provides for normalization by 
- the Single-Length and Double- 

Length Normalize commands. Figure 6a 
represents the Q Register of a 16-bit 
processor which contains a positive 
number. When the Single-Length Normal- 
ise command is applied, each positive 
edge of the clock will cause the bits 
to shift toward the most significant 

of the 0 Register. Zeros 
are shifted in via the Qio 0 port. When 
the bits on either side of the radix 
point (hits 14 and 15) are of opposite 
value, the number is considered to be 
normalized as shown in Figure 6b. The 
event of normalization is externally 
indicated by a HIGH level on the C n *4' 
pin of the most significant slice. 
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Figure 9. Double Length Word 

There are also provisions made Cor a % 
normalization indication via the OVR pin* 
one microcycle before the same indication 
is available on the Cn+4 pin. This is 
Cor use in applications that require a 
stage of register buffering of the 
normalization indication. 

Since a number comprised of all zeros 
is not considered for normalization, 
the Am2903 indicates when such a condi- 
tion arises. If the Q Register is zero 
and the Single-Length Normalization 
command is given, a HIGH level will be 
present on the Z line. An unnormalized 
negative number (Figure 7a) is normalized 
in the same manner as a positive number. 
The results of single-length normaliza- 
tion are shown in Figure 7b. The device 


interconnection for single-length 
normalization is outlined in Figure 8. 
During single-length normalization, 
shift counting may occur in an internal 
register. 

Normalizing a double-length word can 
be done with the Double-Length Normalize 
command which assumes that a user- 
selected RAM Register contains the 
most significant portion of the word 
to be normalized while the Q Register 
holds the least significant half 
(Figure 9) . The device interconnection 
for double-length normalization is 
shown in Figure 10. The C n +4« OVR, S, 
and Z outputs of the most significant 
slice perform the same functions in 
double-length normalization as they did 
in single-length normalization except 
that C n +4#.0VR, and s are derived from the 
output of the ALU of the most significant 
slice in the case of double-length 
normalization, instead of the Q Register 
of the most significant slice as. in 
single-length normalization. A high- 
level z line in double-length normali- 
zation reveals that the outputs of the 
ALU and 0 Register are both zero, 
hence indicating that the double-length 
word is zero. 
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When double-length normalization is the same name. This command is quite 

being performed, shift counting is useful in the case of byte addressable 

done either with an e / * r a nicrocycle wards. Referencing Figure 12, a word 

or with an external co-nter. may be incremented by one if c n is LOW 

or incremented by two if C n is HIGH. 


Sign Magnitude, Two's Complement gaP.fg"” Multiply a 

Conversion . , _ “ 

— These Special Functions allow for easy 

As part of the special instruction set, - implementation of unsigned multiplica- 
the Am2903 can convert between two's tion. Figure 13 is the unsigned multiply 

complement and Sign/l'agnitude repre- 
sentations. Figure 11 illustrates the 
interconnection needed for 3ign 
magnitude/two' s compl'-'-ent conversion. 

The Cji input of device 1 is connected 
to the Z pin. The sign bit (Bj MSS) 
is brought out on the Z line and informs 
the other ALU’s if the conversion is 
being performed on a negative or posi- 
tive number. If tno ■ attempted 

to be converted is th»- most negative 
number in two’s complement (i.e., 

100 .. . 00 (~2n) ) , an overflow indi- 
cation will occur. This 13 because 
- 2n is one greater than any number that 
can be represented in sien magnitude 
notation and hence an attempted conver- 
sion to sign magnitude from -2 n will 
cause an overflow. Wh**n converting 
minus zero in siqn magnitude notation 
(1-j . . . 0i to t.".’ ' ' : ! * rent 

rotation, the corrcc’ r* - »u It is obtained 

(0 . . . 0 ). 
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Figure 14. Multiply 

flow chart. The algorithm dictates that 
initially the RAM word addressed by 
Address port B be zero, the multiplier 
is in the Q Register, and the multipli- 
cand .in the register address by Address 
port A. If the Q Register or the 
register addressed by the A port is zero, 
the multiplication can be aborted. If 
both registers are non-zero, unsigned 
multiplication may then proceed. 


When the Unsigned Multiply command is 
iven, the Z pin of device 1 becomes an 
utput while the Z pins of the remain- 
ing devices are specified as inputs as 
shown in figure 14. The Z output of 
device 1 is the same state as the least 
significant bit of the Q Register 
during the Unsigned Multiply instruc- 
tion; therefore, the Z output of device 
1 informs the ALU's of all the slices, 
via their Z pins, to output the sum 
of the partial product (referenced 
by the B address port) plus the multi- 
plicand (referenced by the A adddress 
port) if Z=l. If Z=0, the output of 
the ALU is simply the partial product 
(referenced by the B address port) . 
Since C n is held LOW, it is not a 
factor in the computation. Each 
positive-going edge of the clock will 
internally shift the ALU outputs 
toward the least significant bit and 
simultaneously store the shifted 
results in the register selected by 
the B address port, thus becoming the 
new partial sum. During the down 
if* i-g j.roc*’*:''. , the Cn*4 generated 
in device 4 is internally shifted 
into the Y3 position of device 4. 

\t this time, one bit of the multiplier 
11 Sown shift out of the 010 ports 
1 J each device into fo Ql Oj port o: 

W'" h. -! next least significant slice. The 
putial product is shifted down between 
' c K ips in a like manner, between the 
" -'-'0 and SXO3 ports, with SIOq of 


device 1 being connected to QIO 3 of 
device 4 for purposes of constructing 
a 32-bit long register to hold the 32- 
bit product. At the finish of the 16 
x 16 multiply, the most significant 
16 bits of the product will be found 
in -the registers referenced by the B 
address lines while the least signifi- 
cant 16 bits are stored in the Q 
Register. 


Two ' 8 Complement Multiplication 

The algorithm for two's complement 
multiplication is illustrated by 
Figure IS. The multiplier and multi- 
plicand are loaded and tested as they 
were during the unsigned multiply 
operation. The Two's Complement 
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Figur* IS 2’l Compltmtnt 16 X 16 Multiply 
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multiply Command i 3 applied Cor 15 
clock cycles in the case of a 16 x 16 
multiply. During the down shifting 
process, the tern S®OVR generated 
in device 4 is internally shifted 
into the Y 3 position of device 4. 

The data flow shown in Figure 14 is 
still valid. After 15 cycles, the 
sign bit of the multiplier is present 
at the Z output of device 1. At this 
time, the user must place the Two's 
Complement Multiply (Correction) 
command on the instruction lines. 

The interconnection for this instruc- 
tion is shown in Figure 16. On the 
next positive edge of the clock, the 
Am2903 will adjust the partial product, 
if the sign of the multiplier is nega- 
tive, by subtracting out the two's 
complement representation of the 
multiplicand. If the s<gn bit is 
positive, the partial produce is not 
. adjusted. At this point, two's 
complement multiplication is completed. 


Two's Complement Division 

The division process is accomplished 
using a non-restoring algorithm with 
round-off. The algorithm assumes that 
• ».he absolute value of the divisor is 
greater than the absolute value of 
the MS half of the dividend and that 
the least significant bit of the 
double-length dividend is truncated. 
Inferring to the flow chart outlined 
in Figure 17, the divisor is placed 
in a RAM Register referred to as R<). 

The most significant half of the divi- 
dend is placed in Rj while the least 
, half is scored In the 0 

n i-cr. Next, the dividend is checked 
f.c zero. If zero, the divide can be 
aborted. If not zero, the most 

.':cirt half of the dividend stored 
. '•) .j converted into its sisn 
< ignitude forr. and stored in R 2 . If 
.tn overflow condition occurs during 


conversion, the most significant half 
of the double-length dividend is equal 
to or greater than the largest possi- 
ble negative number and hence its 
resultant magnitude cannot be smaller 
than the magnitude of the divisor. 

The dividend must then be scaled. If 
the dividend is not too large, the 
next operation is to check the magni- 
tude of the divisor. This is accom- 
plished by doing a two's complement 
to sign magnitude conversion on 
the contents of Rq, the destination 
of the results being Register R 3 . As 
in the case of the dividend, an over- 
flow signifies the largest magnitude 
possible for a number. At this pointk 
uhe dividend is guaranteed to be 
larger than the divisor in- 'absolute 
terms and the actual division process 
may begin. If, on the other hand, 
there is no overflow, the divisor is 
tested for tero. A zero divisor causes 
an abort. A non-zero divisor allows 
the next procedual step, which is the 
shifting out of the sign bits of the 
divisor and dividend. Next, the divi- 
sor m R 3 is subtracted from the most 
significant half of the dividend in Ro 
and tKe C n +4 output is tested. A 
carry-out signifies that the divisor 
is less than or equal to the dividend 
, nd that either the divisor or divi- 
oend should be scaled and re-tested 
for relative magnitude. If there is 
no carry, the divisor is greater than 
the dividend and the first step in 
division may now take place. 


The fir 9 t step in division is to 
determine the sign of the quotient. 

This is done utilizing the Ooublc- 
Lcngth Nornalize/First Divide Operation 
on the double-length dividend in the 
Rl and 0 Registers. Ri is referenced 
b/ the "8" address port during this 
operation, while the divisor. is ad- 
dressed by the "A" address port. 

During this instruction, the sign of 


1-70 





£ho Quotient will appear on SIO 3 of 
j-vice 4, and r.ay be stored in the Q 
register. Figure 18 illustrates the 
interconnection for the first divide 
operation. The next command is the 
T-»o's Complement Divide instruction 


which is presented to the Am2903 for 
14 oicroeyclea after which the Two's 
Complement Divide (correction and 
reaainder) instruction is given for 
one microcycle. On each positive 
edge of the clock during a Two's Comple- 
ment Divide instruction# the quotient 
will be shifted out of SZO 3 of the most 
significant slice which in turn may 
be connected to the QZOo port of the 
least significant slice such that 
the quotient is shifted into the Q 
Register as the least significant por- 
tion of the dividend which is being 
shifted out as pictured in Figure 19. 
When the Two's Complement Divide 
(Correction and Remainder) command is 
applied, s logical one should be applied 
to the QZOo port of the least signifi- 
cant slice for round-off (Figure 20) . 

At this point, the remainder can be 
found in Register R which was defined 
)>y the a B* address port during the 
divide instructions. Zt is noteworthy 
that the Am2903 is not restricted to 
double-precision divide operations 
but can perform multi-precision divides. 

Byte Swap 

The multi-port architecture of the 
Aa2903 allows for easy implementation. , 
of high- and low-order byte swapping. 
Figure 21 outlines a byte swap imple- 
mentation utilizing two data ports. 
Initially, the lower order 8 -bit byto 
is stored in devices 1 and 2 , while 
the high-order byte is in oevices 3 
and 4. When the user wishes to 
exchange the two bytes, the register 
location of the desired word is placed 
on the B address port. When the byte 
swap line is brought LOW, the bytes 
to be swapped will be flowing from 
the DB ports of the Am2903 and are 
inverted by the Am25LS240A Three-state 
Buffers. The outputs of the three- 
state buffers are permuted such that the 
byte swap is achieved. The resultant 
Inverted permuted data is presented 
to the DA ports of the Am2903 where 
it is re-loaded into the memories of the 
Am2903 on the next positive edge of 
CP using the source and function com- 
mands of F=A plus C n (Cn“0) and the 
destination command F— >Y,B. 

Henor/ Expansion 

The Am2903 allows for a theoretically 
infinite memory expansion. Figure 22 
pictures a 4-bit slice of a system 
which has 48 words of RAM and l r words 
of ROM. RAH storage is provide 1 by 
the Am2903 and the An29703*s. ihe 
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Am29705 RAM is functionally identical 
to the Am2903 RAM. The Am29751 is 
used to store constants and masks 
and is addressable frora address port 
A only. The system is organized around 
five data busses. Inter-bus communi- 
cation may be done through the Am29705’s 
or the Am29703. The memory addressing 
scheme specifies the data source for 

the R input of the ALU eminating from 
th« register locations specified by 
v.drcss field A. No-3 addresses 

16 memory locations in each chip while 
aldress bits A 4-5 arc decoded and used 
for ttv output enable for tno desired 
chip. The B address field is used 
to both select the S input of the ALU 


and to specify the register location 
where the result of the ALU operation 
is to be stored. 

Bits Bo -3 &re for source register 
addressing in, each chip. Bits B 4 
and B; are used for chip output enable 
selection. B 5-9 access the 16 destina- 
tion addresses on each chip while bits 
Big and S 11 control the Write Enable 
of the desired chip. The source and 
destination register address are 
multiplexed such that when the clock 
Is HICH, the source register address 
is presented to the B address ports r 
o f t he RAM's, The Instruction Enabl- 
i (IEN) is HICH at this time. The data 
flows from the Y port or the internal 


















Figurt 21. BytlSwip 




b pore, as selected by decoder whose 
inputs are A &4 and AB 5 . When the 
clock goes LOW, the data eminating 
from the selected V outputs of the 
Am29705's and the RAM outputs of the 
Ara2903 are latched and the destination 
address is now selected for use by 
the RAM address lines. When the 
destination address st ablizes on the 
address li nes, the IEN pm is brought 
LOW. The wKTPE output of the Am2903 


wJU now go LOW, enabling the decoder 
sourced by address bits A3 10 and 
ABn . The selected decoder line will 
go LOW, allowing the desired memory 
location to be written into. To switch 
between two- and three-address archi- 
tecture, the user simply makes the 
source and destination addresses the 
same* i.e., ABo- 3 =AB 6 - 9 . Tor two- 
address architecture, the MUX is 
removed from the circuit. 
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Rockwell International ALU 

Th« following material describes the radiation hardened CMOS/SOS 
ALU developed by Rockwell International. 
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PRELIMINARY DEVICE DESCRIPTION 


ROCKWELL INTERNATIONAL 



• 8 BIT SUCC 

o ElPMOABU TO 12 BITS 

• AOOCB/SOBTMCTOR 

• LOGIC FUNCTIONS 

• iNCRCHCNT/OCCREfeNT 

• 32 BIT CMRY/BOAROU 

• lEFT/RIGHT SHIFTS 

• W PIN CCRAMIC FIAT PACKAGE 

• FULIT STATIC OPERATION 

• RADIATION HARDENED 
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MICROCOMPUTER COMPONENT VENDORS 

The vendors whose addresses are listed below have local offices of 
representatives in most major cities throughout the United States. Inquiries 
or requests for more information should be directed to the local represen- 
tative for quickest response. 


Advanced Micro Devices, Inc. 

901 Thompson Place 
Sunnyvale, California 94086 
(408) 732-2400 

Digital Equipment Corporation 
Components Group 
One Iron Hay . 

Marlborough, Massachusetts 01752 
(800) 225-9480 

Rockwell International 
B. J. Stephens 
Autonetlcs Group 

3370 Miraloma Avenue, Mall Station GA 30 
Anaheim, California 92803 
(714) 632-3357 

Texas Instruments Incorporated 
MS366 - P. O. Box 5012 
Dallas, Texas 75222 
(214) 238-6805 
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APPENDIX II 


TIMING AND SIZING ESTIMATES OF COMMON ROUTINES AND 
ALGORITHMS USED IN NSSC-I ANALYSIS 


COMMON ROUTINES 

t 

. SIZE 

as BIT WORDS! 

SIZE 

flS BIT WORDS) 

Double * Add 

13 

5 

Double Subtract 

16 

5 

Double Multiply 

24 

5 

Double Absolute Value 

11 

3 

Double Matrix Multiply . 

65 

8 

Double Slne/Coalne 

202 

3 

Double Square Root 

126 

3 

Double Arctangent 

105 

3 

Double Arcsine 

(uses Arctangent) 

v 21 

\ 

Double Divide 

100 2 

5 


NOTES: 

1 Double » Double Precision, 36 bits 

2 Estimate 


« / 

n-i 


t 


/ 



EXECUTION TIMES FOR MATHEMATICAL ROUTINES 3 


Sinaia Precision Double P recta Ion 


Add 

,016 ms. 

.063 ms. 

Subtract 

.018 ms. 

.083 ms. 

Multiply 

.033 ma. 

.233 ms.* 

Divide 

.085 ms.* 

2.S00 ms.** 

Sine and Cosine 

.373 ms. 

1.600 ms. 

Square Root 

.54 - .84 ma.*** 

3.53 - 4.92 ns 



Matrix Multiplication (m x n) • (n x p): 

Single precision ■ .055mp + .lOSmnp os. 
Double Precision “ .095mp 4 . 310mnp ms. 


* The result is truncated, not rounded off 

** Guess— the routine has not been coded. This la an iterative procedure 
and execution times will vary 

♦♦♦Iterative procedure— execution times will vary according to the number 
of iterations. 


ns 


Arctangent Algorithm - This algorithm was described by J. S. Walther on the 
class of cordic algorithms. The "pseudo" code that defines this algorithm 
' follows: 


NOTE: 


3 Refer to CSC, 


\ 



1976, pg. 32 


CYCLES 



6 

6 

4 

6 

4 

6 

4 

6 

4 

3 

4 
62 
62 
62 
4 
SO 
50 
50 


dblat&n 


LOOP: 


LI: 


PROC 

x. Y f z 

LDA 

ZERO , 

SIA 

X 

LDA 

Y 

LDB 

Y + 1 

DSM 

I 

SIA 

X2 

STB 

X2 + 1 

LDA 

X 

LDE 

X + 1 

DSM 

1 

I 

SIA 

Y2 

STE 

Y2 + 1 

LDA 

Y2 + 1 

NEC 

SIA 

Y2 + I 

LDA 

Y2 

CMP 

' *" _ 

ADC 

SIA 

Y2 

LDA 

ALPHA 

SIA 

Z2 

LDA 

Y 

TAP 

BRC 

LI 

DBLSUB 

X. X, X2 

DBLSUB 

v, Y, Y2 

CBL SUB 

Z, Z, Z2 

BRU 

INCR 

DDLADD 

X. X, X2 

OBLADD 

Y. Y, Y2 

dbladd 

Z, Z, 22 




A 

11-3 



.initial shift 


; SHIFT I PLACES 


;Y2 2*4 


; CHANCE SIGN 


;Z2 - 

•TEST Y 0 

;CF POS, ADD 
.‘ELSE SUB 
;Y - Y - Y2 
;Z - 2 - 22 

JX - X + X2 
;Y • Y + -Y2 
;Z - 2 + Z2 


t 


t 


I 



CYCLES 


4 

INCH: 

LDA 

2 


4 


SUB 

ONE 

;NEG TO RT. SHIFT 

6 


STA 

I 


4 


TAL 

LIMIT 

• ' 

4 


BR 

LOOP 

- 




INPUTS: X - A; Y • B, Z-0 
OUTPUTS: X - (A 2 + B 2 )*; Y - 0, Z 

TIMING ESTIMATE - 15.894 ms 


Z + tan" 1 (Y) „ 
(X) 


t 


Due to the nature of the algorithm, the precision of the result is loggN bits 
leas; tAiere N is the number of bits of precision of temporary results. 

NOTES: 

4. plus one cycle per bit shift 



Arcsine Algorithm - The arcsine was calculated using the arctangent plus the 
following relationship! 

ARCSINE (N) • ARCTAN (f (N) ) 
where f(N) - N (i-N 2 )"* 

Due to the limitation of the arctangent, the result here is 30 bit of precision. 
TIMING ESTIMATE - 23.04 ms 
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APPENDIX XXI 
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PERTINENT REFERENCE MATERIALS 

* The following pages list source material which was reviewed during 
this study and which may be useful in future investigations* 
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CADS Sensor and ?er£omanee Study Related Information 


Capl.i) 


"Interface Control Document for GPSPAC RECEIVER/PROCESSOR 
ASSEMBLY," Applied Physics Laboratory, Silver Spring, 
Maryland, April, 1977. 



(Blrnbaun,i] "Time Requirements in the Navstar Global Positioning 

System," A. J. VanDlerendonck, General Dynamics Electronics 
Division, and M. Blrnbaum, Space and Missile Systems Organi- 
sation, presented at the 30th Annual Frequency Control 
Symposium, June, 1976. 


[cievinger,i] 


Correspondence from R. L. Clevinger of BBRC to K. Villyard 
of Martin Marietta regarding SST Star Tracker Accuracy Re- 
quirement . 



[Goddard, l] 


"Goddard Trajectory Determination System (CTBS) Users 
Guide," Goddard Space Flight Center, Greenbelt, Maryland 
July, 1975. 


[Headley,]] 


"On-Orbit Calibration Procedure and Alogrithum for DRIRU-II 
IMU and BBRC-SST Star Trackers," by P. Headly, Martin 
Marietta Internal Report, April, 1978. - • 
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jYong.l] 


"DRIRD-II Gyro Misalignment Calibration Method and 
Simulation Result Martin Marietta Internal Memo* 
randua by P. Headley, 30 August, 1977. 

"SDG-5 Gyro PSD Test Data 11 „ 

Gilbert, L.E., and Mahajan D.T., "On-board Landmark 
Navigation and Attitude Reference Parallel Processor 
Syste%" Martin Marietta Aerospace, Presented at the 
Flight Mechanics/Estimation Theory Symposium at the 

v 

Goddard Space Flight Center, Ocotober 1977. 

"Satellite Navigation vith the Global Position Satellite 
System (GPSS)," A. Satin, Martin Marietta Memorandum, 

7 September 1977. 

"Standard High Performance Inertial Reference Unit 
DRIRU-II Technical Description," Volume 1, Teledyne 
Systems Company, February 1977, 

"Attitude Determination Algorithm of a Strapdown 
Inertial Reference Gyro System Using Teledyne's DRIRD-II 
Units," K. Yong, Martin Marietta Memorandum, 5 May 1977. 
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"Attitude Determination Algorithm of a Star 
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Tracker System Using BBRC-SST Star Tracker," 

K. Yong, Martin Marietta Memorandum, 7 June 1977; 


"Attitude Determination Simulation Results of Using 
Teledyne's DRIRU-II Strap down System Under Maneuvering 
Bnvrioament," Martin Marietta Interna 1 Memorandum, 

K. Yong, 24 August 1977. 
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Advanced Micro Devices, Inc.: The AM2900 Family Data Book . Advanced 
Micro Devices, Inc., Sunnyvale, California, 1976 

Advanced Micro Devices, t Inc.: AM9S11 Arithmetic Processing Unit . Pre - 
liminary Information . Advanced Micro Devices, Inc., Sunnyvale, Cali- 
fornia, 1977 

P. J. Besser, et. al.: Development of a High Capacity Bubble Domain 

Memory Element and Related Epitaxial Garnet Materials for Application 
in Spacecraft Data Recorders . Item 1. Development of a High Capacity 
Memory Element . NASA-CR- 144983, 1977 

T. T. Chen, 0. D. Bohning, et. al.: Investigation of System Irteara- 
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tlon Methods for Bubble Domain Flight Recorders . KASA-CR-132643, 1975 

Vernon Coleman, et. al: The Next Generation Four-Bit Bipolar Micro- 

processor Slice - The AM2903 . Advanced Micro Devices, Sunnyvale, Cali- 
fornia, 1977 
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Digital Equipment Corporation: PDP 11/03 Processor Handbook. Digital 

Equipment Corporation, Maynard Massachusettes, 1975 

Eric R. Garen: "Magnetic Bubble Memory Devices and Applications." 

Computer Design . Fub. 1978, pgs 164-168 



Albert C» Perris and 'Edward P. Greene: "A Proposed Concept for 

Improved NASA Mission Data Management Operations," NASA X-533-76-81, 
October 1976 



Intel Corporation: 8080 Microcomputer Systems Users Manual . Intel 

Corporation, Santa Clara, California 197S 

Interdata, Inc.: Model 8/16 Processor. Product Description . Inter* 
data, Inc., Oceanport, New Jersey, 1977 


* « * < 
JPL: Report on Phase II of the Microprocessor Seninar Held at Caltech . 

April 1977 . JFL Report 77-39 


J. Egll Juliussen, et. al.: "Bubbles, Appearing First as Microprocessor 

Moss Storage." Electronics. August 4, 1977, pgs. 81-86 



John F. Mason: "Bubble Memories Are Going Military in Air and Space 

Applications," Electronic Design , pgs. 34-36 

Ware Myers: "Current Developments in Magnetic Bubble Technology." 

Computer. Aug. 1977, pgs. 73-82 
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R. M. Orndorff and D.T. Butcher: High-Performance Analog and Digital 

Custom (MQS/SOS LSI Circuitry . Rockwell International, Anaheim, 
California, 1977 
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t «m« Instruments, lac.: TMS 9916 Bubble Memory Controlle r. T exits 

■ Instruments, Inc., Dallas*, Texas, 1977 
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Mtrfio plc Pnlt. Preliminary Device Description . Bockmll Icteroatlen- 
. al Aotonatlca Group, Anaheim, California, • 1977 


Texas Instruments, Inc.: Magnetic Bubble Memories and System Inter* 

face Circuits . Texas Instruments,- Inc., Dallas, Texas, 1977 
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Texas Instruments, Inc.: Bipolar Microcomputer Components Data Book . 

Texas Instruments, Inc., Dallas, Texas, 1977 
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Texas Instruments, Inc.: IMS 9900 Microprocessor Data Manual . Texas 
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Instruments, Inc., Dallas Texas, 1976 
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Larry W' .ler: "Tests Show Spotty 1ST Record." Electronics . Feb. 2, 

1978, pgs. 78-79 
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Task Assignment SS8 Report, February 1977 
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